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Abstract
The \Neutrino" is a powerful tool for the study of our astronomy due to its transparency.
Astronomical neutrino sources are the Supernova explosion, solar activities, dark mat-
ter annihilation, gravitational wave, and others. In this study, the electron-type anti-
neutrinos (e) from their sources are searched in a liquid scintillator type anti-neutrino
detector, KamLAND. The 4183.72 days of all dataset includes Japanese reactor shut
down phase which makes the dominant background of reactor-neutrinos at low energy
region. The number of observed 2066 e candidates is consistent with the expected
number of backgrounds of 2037:3 78:2; accidental coincidence, spallation 9Li, fast neu-
tron, (, n) interaction, atmospheric neutrino interaction, reactor-e, and geo-e. The
upper limits are given on the supernova relic neutrino ux, 8B solar neutrino conversion
probability, and the cross-section of light dark-matter self-annihilation. Thanks to the
decreased reactor-e in the reactor-o period, the most strict limit of e ux is given
below 10 MeV region. This is an important pioneering study of background estimation
for the anti-neutrino physics from astronomy at a multi-MeV region before the start of a
future large volume anti-neutrino detectors: JUNO, SK-Gd, and Hyper-KamiokaNDE.
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Chapter 1
Introduction
1.1 Overview
The neutrino is a powerful observational tool in the astronomy due to its transparency.
The neutrino astronomy started in 1987 with the rst supernova neutrino observation
SN1987A. A large volume liquid scintillator detector \KamLAND" has also detectabil-
ity of such cosmological neutrinos: supernovae, solar, gravitational wave astronomy,
and others. This dissertation presents the studies of astronomical electron-type anti-
neutrinos for 0:9   30:0 MeV visible energy region with KamLAND detector and gives
the upper limits on the diused supernova neutrino ux, 8B solar neutrino conversion
probability, and the cross-section of light dark matter annihilation.
In this chapter, those physics motivations are introduced. The schematic of Kam-
LAND detector, its calibration, and event reconstructions are written in Chap.2, Chap.3,
and Chap.4, respectively. Anti-neutrino candidates and background studies at Kam-
LAND are described in Chap.5, Chap.6. Finally, Chap.7 shows each physical analysis
results with obtained data, and Chap.8 summaries this dissertation.
1.1.1 Notation
This thesis uses abbreviation as summarized in Tab.1.1. Detailed explanation will be
given when the word rstly appears.
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Table 1.1: Abbreviation in This Thesis
Time units
nano second nsec
micro second sec
milli second msec
minute min
hour hr
year yr
Energy units
electron volt eV
kilo electron volt keV
mega electron volt MeV
Detector or material name
liquid scintillator LS
buer oil BO
inner detector ID
outer detector OD
photo multiplier tube PMT
KamLAND front end electronics KamFEE or FBE
high voltage HV
KamLAND analysis parameters
number of hits Nhit
number of PMTs over each threshold Nsum
Maximum of Nsum NsumMax
Physics words
Supernova SN
Supernova relic neutrino SRN
Supernova rate SNR
Star formation rate SFR
Resonant spin avor precession RSFP
Dark matter DM
Gravitational wave GW
Gamma ray burst GRB
Neutral Current NC
Charged Current CC
Others
photo electron p.e.
Inverse beta decay IBD
delayed coincidence DC
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1.2 Supernova and Supernova Neutrinos
1.2.1 The Birth of Neutrino Astronomy
In 1987, the supernova neutrinos from \SN1987A", which occurred on 23rd of February
in 1987 in the Large Magellanic Cloud, were detected by water Cherenkov detectors:
\Kamiokande" [1, 2] and \IMB" [3, 4]. These were the rst observations of supernova
neutrinos and proved that the neutrino energy from the type-II supernova is about 1053
erg.
Nowadays, many kinds of detectors are running and waiting for the next supernovae:
Super-Kamiokande, KamLAND, Borexino, SNO, and others. The neutrinos from the
supernovae and the gravitational waves astronomy have much information of explosion
mechanism in supernova stars or inter stellar because of their high transparency for mat-
ters. \Multi-messenger astronomy" is already begun with various detectors for neutrino,
gamma-ray, and gravitational wave.
In this section, a brief mechanism of the supernova explosion and the supernova
neutrino emission are described.
1.2.2 Stellar Evolution
Stars spend most of their lives on the main sequence as the hydrogen burning to helium
production. Once the hydrogen in the stellar core is exhausted, the core-collapse starts
because of the loss of outward pressure. Consequently, the core contracts until the
increase of its temperature for helium burning. At this phase, a star is characterized as
a red giant and starts to keep helium burning into carbon and oxygen. Eventually, the
core again makes the gravitational collapse after helium burning, resulting in the rise of
the core temperature.
In the less massive stars than 8M*1 case, its lower core temperature is not sucient
to realize fusing carbon and oxygen nuclei. Once the outer envelopes of such stars expand
in parallel with the contraction of the core, they are easily stripped away. Therefore, the
core only remains, which is principally composed of carbon and oxygen. Its stability is
maintained by the degenerate electron pressure against to the gravitational force. This
type is classied as a white dwarf. In case of a white dwarf belonging to the binary star
system, the gas from the companion star falls onto the surface to compress and accrete
it being more massive than the \Chandrasekhar mass" limit of MC ' 1:46 M. This
accretion causes the instability of the white dwarf and therefore results in the ignition of
the carbon nuclei yielding the nuclear deagration to make an explosion. This explosion
is called a thermonuclear supernova. Without the formation of the white dwarf, it is
still available to have thermonuclear supernovae from less massive stars as long as the
nuclear ignition is concerned.
In massive star case with more than 8 M, the nuclear burning proceeds until the
formation of either the O-Ne-Mg core or the Fe core. Carbon and oxygen burnings start
approximately at 6:0108 K and 1:5109 K, respectively. Since the electron degeneracy
*1M corresponds to the mass of the sun, so-called \solar-mass".
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pressure sustains these cores, these types are also categorized in the white dwarf. The
dierence of those from less massive star case is the existence of multi-layer shells, like an
onion structure (Fig.1.1). In the nal state of such massive star, core temperature and
pressure are increased by only the gravitational contraction, because Fe core does not
supply energy. Once its mass increases to exceed the Chandrasekhar mass limit, outward
pressure decreasing by the electron capture on nuclei or by the photodissociation process
causes core collapse. As a result, core-collapse supernovae end up forming either neutron
stars or black holes. The nal stages of each mass are summarized as follows:
 M < 0:08 M
The temperature is not enough to ignite hydrogen. This type of stars becomes a
brown dwarf, like the Jupiter.
 0:08 M < M < 0:46 M
Most of the hydrogen at outer shell is exhausted before helium burning starts. The
temperature does not rise to 108 K. This type of stars becomes a white dwarf.
 0:46 M < M < 4 M
Helium burning makes carbon and oxygen core. This star becomes a central star
in planetary nebula because of the outer mass away due to smaller gravity. Finally,
it becomes a white dwarf after cooling.
 4 M < M < 8 M: thermonuclear supernovae
Eventually, carbon burning with the degeneration of C + O core causes supernova
explosion.
 8 M < M < 12 M: core-collapse supernova (by electron capture)
Carbon burning produces Ne and Mg nuclei. Electron capture with them makes
decrease the core pressure and the core collapse supernova happens.
 M > 12 M: core-collapse supernovae (by photodissociation)
Nuclear fusion reaction starts with helium and makes Fe nuclei. Once the mass of
Fe core increases to Chandrasekhar mass limit (M MC) and the electron number
density per a nucleus (Ye) becomes t 0:4, photodissociation reaction
56Fe! 13+ 4n  124:4 MeV (1.1)
proceeds the core collapse supernova.
1.2.3 Supernova Classication
Supernova is the huge explosion of the massive stars at the last stage of its stellar
evolution, and observationally classied as Fig.1.2.
Firstly, Type-I and Type-II supernovae are distinguished by the absence and pres-
ence of hydrogen absorption lines in their spectrum. Type-I is further classied into
three types: Ia, Ib, and Ic. Type-Ia supernovae have large silicon adsorption lines.
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Figure 1.1: Schematic view of onion-like shell interior structure of a massive star.
Type-Ib and Type-Ic have no silicon absorption lines, but Type-Ic has no helium ab-
sorption lines. Type-Ia supernova is generated by carbon-oxygen white dwarfs which
can accrete mass from their a companion star and become supernova via thermonu-
clear fuel burning. When the weight becomes 1 M, white dwarfs have about 5000 km
radius and O(106) g=cm3 density. The pressure of degenerated electron makes oppos-
ing force against its gravity, and the star becomes unstable when its mass reaches Mc
(Chandrasekhar mass limit).
Although supernovae are observationally classied as type-I and II, neutrino physi-
cists are interested in neutrino observation, not adsorption lines of spectra. From the
point of view of the supernova mechanism, three type supernovae (type-Ib, -Ic, and -
II) are basically same core collapse (but dierent optical spectrum). Since the type-Ia
has less neutrino emission than the core-collapse supernovae, the type-Ia supernova is
beyond the scope of this study.
1.2.4 Type-I Supernovae
Type-I supernovae are identied by the lack of hydrogen absorption lines in their spec-
trum in the optical observation. The collapse systems of Type-Ib and -Ic supernovae
are similar to Type-II supernovae, while Type-Ia supernova is an end of the white dwarf
caused by carbon deagration. A white dwarf has a smaller mass than Chandrasekhar
mass Mc because it is the maximum mass which electron degeneration pressure can
support the star. Once the mass of the white dwarf exceeds Mc via accretion from the
binary system, the carbon deagration is started and the big explosion occurs eventually.
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Supernova
Type-I Type-II
Absence hydrogen line Presence hydrogen line
Type-Ia
Silicon line No silicon line
Helium rich
Type-Ib Type-Ic
Helium poor
Type-IIb
Wide helium line
Narrow helium line
Vanish helium line
Type-IIL Type-IIP
Remain helium line
Plateau 
light curve
Linear attenuation 
 light curve
Type-IIn
Core-Collapse Thermo Nuclear
Figure 1.2: The classication scheme of supernova.
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1.2.5 Type-II Supernovae: Core Collapse Supernovae
Type-II supernovae are caused by the iron core collapse of massive stars (M & 8M). In
the stellar evolution, the energy for the equilibrium with gravity is generated by nuclear
fusion and degeneration pressure. Its nuclear fusion is continued to make iron nuclei in
the core. Once the mass of iron core becomes greater than Mc, degeneration pressure
cannot oppose the gravity, thus core collapse occurs by photodisintegration. After that,
a neutron star or a black hole is left. The energy source of Type-II supernovae is from
the release of gravitational energy as
W '

 G M
2
core
Rinitial

 

 GM
2
core
Rnal

(1.2)
=
(
 1051 erg

Rinitial
108 cm
 1)
 
(
 1053 erg

Rnal
106 cm
 1)
(1.3)
' 1053 erg; (1.4)
where Rinitial and Rnal are the core radii of the initial and nal state of core-collapse,
respectively; their typical values are 1000 km and 10 km. The mass of the core Mcore is
assigned at the Chandrasekhar mass Mc ' 1:4M.
The neutrino emission scheme from the core-collapse supernovae is as follows:
I). Start at the Core Collapse
The iron core just before core collapse has core ' 109 - 1010 g=cm3, Tcore ' 0:7
MeV. The core is supported by the degenerated electron pressure, but the electron-
capture on heavy nuclei and endothermic photodisintegration process break equi-
librium as
e  +A(N;Z) ! e +A(N + 1; Z   1) (1.5)
56Fe ! 13 4He + 4n  124:4 MeV (1.6)
4He ! 2p+ 2n  28:3 MeV: (1.7)
II). Neutrino Trapping
In the increased of the high-density inner core during the core-collapse, the mean
free path of e becomes shorter. In other words, the high-density core ( 1012 g=cm3)
is not transparent for even if neutrinos. Hence, neutrinos are trapped via the co-
herent scattering o nuclei, i:e:
e +A(N;Z)! e +A(N;Z): (1.8)
The surface of this neutrino trapped area is so-called \neutrino sphere".
III). Core Bounce and Shockwave Formation
The electron capture process continues to produce the neutron-excessive nuclei
and neutrinos. At this stage, the core is composed of accretion matter. The falling
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speed of the core material is proportional to the radius from the stellar center.
After that, the degeneracy of e suppresses the further electron capture and neutron
dripping from neutron-excessive nuclei owing to Pauli's principle. When the core
density reaches  1014 g=cm3, the core becomes suddenly sti, and the collapsing
nally stops at the core. The inner core surface is eventually changed to hard and
makes shockwave at the near of neutrino sphere, while the matter keeps falling.
At the same time, unshocked core turns to form a proto-neutron star.
IV). Neutronization Burst
The shockwave propagates through the in-falling outer core, leading to lose its
energy through dissociating nuclei. Produced free protons react with electrons as
e  + p! e + n: (1.9)
Generated neutrinos in the inner of the neutrino sphere cannot be free, on the
other hand, neutrinos at the outer of the neutrino sphere are liberated. Once the
shockwave reaches neutrino sphere, a lot of e's are liberated as a burst with  10
msec. This burst is so-called \neutronization burst".
Although this neutronization burst has a signicant amount of e emission, carry-
ing out energy by e is O(1051) erg with its short timescale.
V). Core Explosion and Neutrino Emission
During the shockwave propagation, the reactions
e+ + n! e + p; (1.10)
e  + e+ !  + ; (1.11)
and Eq.1.9 occurrs, where  means any species of neutrinos. Since no muons
and tauons exist in supernova stars, the neutral current process (Eq.1.11) is the
dominant production of mu-type and tau-type neutrinos. Besides, the nucleon-
nucleon bremsstrahlung also produces such neutrino pair creation
N +N ! N +N +  + : (1.12)
VI). Cooling Proto-Neutron Star
The matter infall continues while the shockwave propagation goes outward. A hot
expanded proto-neutron star liberates its total thermal energy  1053 erg with
neutrinos. The number of leptons in the core are carried out by neutrinos, and
proto-neutron star cools down. This time scale is estimated with internal energy
of proto-neutron star and neutrino luminosity,
tcool W=L  10 sec

W
1053 erg
 hLi
1052 erg=sec
 1
; (1.13)
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where hLi is averaged neutrino luminosity as
hLi ' 4R2PNSSBT 4  6 (1.14)
' 2 1052 erg=sec

RPNS
10 km
2 kBT
4 MeV
4
;
RPNS : Proto Neutron Star radius
SB : Stefan Boltzman constant
T : Neutrino temperature
6 : Six types of neutrinos have same contribution to the cooling process
VII). Shockwave Revival
The shockwave decays during the propagation to the outer direction because the
photodisintegration absorbes its energy, and therefore supernova explosion cannot
be triggered. The shockwave needs to be revived by something, such as neutrinos.
The \delayed neutrino heating" is a promising process for the shockwave revival.
\Delayed" means that the neutrinos are slowly released due to the neutrino trap-
ping in the proto-neutron star. The neutrino diusion time
tdi = 100 msec

Rcore
3 106 cm
2  
10 MeV
2 
1014 g=cm3

(1.15)
is longer than the dynamical time scale of the proto-neutron star (tdym) and than
the time scale of the shockwave stalled (tstall):
tdym  1=
p
G  1 msec


1014 g=cm3
 1=2
; (1.16)
tstall  Rshock=Vshock  10 msec

Rshock
107 cm

Vshock
109 cm=s
 1
; (1.17)
where Rshock is the radius of the stalled shockwave, Vshock is the shockwave mean
speed, and  is the density. Here, there are rich nuclei in between the shockwave
surface and the proto-neutron star, which are generated by photodisintegration
via shockwave heating. Neutrinos react with such nuclei and are absorbed by the
processes;
e + n ! p+ e ; (1.18)
e + p ! n+ e+: (1.19)
These absorption reactions may deposit energies to the matter to make the shock-
wave revival.
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VIII). Supernova Explosion
The shockwave reaches the outer envelope of the star after the core explosion ex-
plained above, and the stellar surface gets blown. Finally, the supernova explosion
happens while a neutron star is created at the center of the star. The shockwave
arrival time at the surface depends on the stellar radius, and its time scale is several
hours to a few days after the shockwave formation.
Fig.1.3 shows the neutrino spectra emitted from the supernova explosion. In general,
(a) Time evolved luminosity (top) and averaged en-
ergy (bottom)
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Figure 1.3: (a) Time evolved luminosity (top), its average energy (bottom) of the su-
pernova neutrinos [5] and (b) their time-integrated spectra [6]. x means ,  , , or
 .
the hydrodynamical calculation with neutrino transportation gives the neutrino ux
from Type-II supernovae. The eective temperature at the core surface is written by
the radiation law as
Te =

E=tcool
4SBR2e
1
(7=8)g
1=4
; (1.20)
where g is the number of neutrino species, Re  O(10) km. The eective temperature
is obtained ' 4 MeV and the average neutrino energy  ' 3:15 Te ' 10 MeV. Thus,
the total ux of supernova neutrinos is  = E= ' 2  1058. When the supernova
happens at the center of the galaxy, the supernova neutrino ux can be estimated as
 =

4d2
' 1:6 1012 cm 2=SN: (1.21)
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1.3 Supernova Relic Neutrinos
The neutrinos from all the past supernovae are diused in our universe. They are called
Supernova Relic Neutrinos (SRNs), and its ux is called as Diused Supernova Neutrino
Flux (DSNF). The dierential number ux of SRNs is integrated all the past supernovae
as
dF
dE
= c
Z zmax
0
RSN (z)
dN(E
0
)
dE0
 dtdz
 dz; (1.22)
where
c : speed of light
z : red shift
RSN (z) : supernova rate
E0 = (1 + z)E : neutrino energy considering red shift:
From the Friedmann equation, the relation between z and t can be written as
dz
dt
=  H0(1 + z)
p

m(1 + z)3 +
; (1.23)
where H0 is the Hubble constant, 
m is the fraction of cosmic energy density, and 

is the fraction of the dark energy.
The supernova rate RSN is related to the star formation rate (SFR) RSF ,
RSN (z) =
R
dmIMF (m)R
dmmIMF (m)
RSF (z); (1.24)
where IMF (m) is the initial mass function. Although there are some models for its
relationship and SFR, for instance, RSN is considered to be proportional to SFR as a
function of redshift z,
RSN (z) ' RSN (0)(1 + z); (1.25)
where RSN (0) is normalization factor, and the best t value for  is 3.28 (z  1) [7].
Fig.1.4 shows the SFR and Fig.1.5 shows the supernova rate. The observation of SRN
and the determination which model is correct would constraint the large uncertainties
of SFR, SNR, and IMF.
Various theoretical models exist for the SRN ux estimation. In this section, some
of those and SRN search experiments are presented.
1.3.1 SRN Search by Organic Liquid Scintillator Detectors
The observation of SRNs by LS detector is made via the inverse beta decay (IBD)
reaction as
e + p! n+ e+; (1.26)
which has less background contamination owing to the delayed coincidence method. This
IBD reaction is also used for the SRN search in a large water Cherenkov detector such
12 CHAPTER 1. INTRODUCTION
Figure 1.4: Measurements of the SFR and function t [7]. The grey shadowed regions
are 1 and 3 condence level. The details are described in the article [7].
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Figure 1.5: Recent measurements of core-collapse supernovae rate as a function of red
shift z. Figure is adopted from [8].
as Super-Kamiokande. Fig.1.6 shows the neutrino cross-sections at LS detector where
main targets are proton and carbon nuclei. Calculation of IBD cross-section and details
of identication are described in Chap.5.
As shown in Fig.1.7, the typical backgrounds of SRN at low energy are reactor
neutrinos and solar neutrinos, while at higher energy are atmospheric neutrinos. In
case of LS detector using IBD selection for e, solar e is not background. The energy
region of 10 - 30 MeV is so-called \golden window" of SRN search with LS detectors*2.
Furthermore, the reactor-o period allows KamLAND to extend the SRN search window
to ther lower energy region; the dierences among predictions by various SRN models
are enhanced at a few MeV as shown in the next section.
1.3.2 Prediction Models
There are a lot of model for SRN uxes, but here, some of them are picked up. Nine
models are well-used in Super-Kamiokande SRN search, and in my thesis, two models;
Rotation Pop III star model and Nakazato model are added.
*2Other type of SRN detector, such as Liquid Ar TPC, should consider the solar neutrinos as a
background.
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Figure 1.6: Cross sections for neutrino scattering on nuclei. Thick solid line indicates
inverse beta decay. Neutral current reaction between e (e) and
12C is dotted (dot-
dashed) line. Charged current reaction between e (e) and
12C is thin solid (dashed)
line. This gure is taken from the review [9] adopted the LVD experiment article [10].
1.3. SUPERNOVA RELIC NEUTRINOS 15
0 10 20 30 40 5010
-4
0.001
0.01
0.1
1
10
100
EMeV
F

cm
-
2
M
eV
-
1
s-
1
Atmospheric
reactor
solar
Figure 1.7: The SRN e ux and typical e(e) backgrounds [9].
Constant SN Rate Model [11]
It is based on the assumption of the constant supernova rate in the whole universe. This
model is rstly considered as a cosmological constant and used in supernova simulation.
Population Synthesis Model [12]
This model uses a population synthesis in the galaxy evolution. The dierent super-
nova rates in elliptic galaxy and spiral galaxy are concerned. In my thesis, (h;
; ) =
(0:8; 0:2; 0:8) case is taken, where h is the Hubble constant, 
 is the density parameter,
and  is the cosmological constant.
Rotation Pop III Star Model [13]
This model considers more population and the rotation on neutrino emission from the
rst stars, so-called Pop III stars. Fig.1.8 suggests that SRN ux from Pop III stars
with rotation has a peak at lower energy region than we ordinary concerned, because
the thermalized inner core can be enlarged, due to rotational attening, to extend the
inner core outside the neutrino spheres. In my thesis, fIII = 0:1 case which is the most
enhanced peak at low energy is used.
Cosmic Gas Infall Model [15]
In this model, supernova rate is obtained from the density of cosmic gas as a function of
redshift. However, this considers for only z  2, therefore it has smaller ux than other
models.
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Figure 1.8: Calculated number ux of e from Pop III stars with rotation (red solid
lines) [13]. fIII means the baryon fraction of Pop III stars. Blue dashed line indicated
\SNe" is the diuse ux from ordinary core-collapse supernovae [14].
Cosmic Chemical Evolution Model [16]
The SFR is considered by the chemical evolution of the universe. This model uses the
observation of damped Ly  systems (DLA) and faint galaxy surveys, for the estimation
of the global star formation history. In my thesis, the model of 
 = 1 and the \standard
model" called in that paper is adopted.
Heavy Metal Abundance Model [17]
The heavy metal abundance is considered in this model for the theoretical SRN ux.
LMA Neutrino Oscillation Model [14]
This model considers the neutrino oscillation with parameterized in the LMA (Large
Mixing Angle) and SMA (Small Mixing Angle) region, but we have already known that
the neutrino mixing with LMA is a true. Under the oscillation with MSW (Mikheyev-
Smirnov-Wolfenstein) eect [18], electron-type (anti-)neutrinos are enhanced in high-
density SN core. In this dissertation adopts the LMA oscillation case.
1.3. SUPERNOVA RELIC NEUTRINOS 17
Figure 1.9: Schematic representation of the neutrino energy levels in matter vs. electron
number density ne with (top) normal and (bottom) inverted mass hierarchy case [9].
Dashed line is the absence of mixing (unphysical), and the solid line is the mixing case
(physical case). The semi-plane with positive (negative) density, ne > 0 (ne < 0),
represents the conversion of (anti-)neutrinos. The notation H (L) means the high (low)
density MSW resonance.
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Star Formation Rate Constraint Model [19]
This model gives the constraint for the SFR, considering the SRN search result by SK
[20]. The obtained SFR constraint is < 0:040 M yr 1Mpc 3. This model tried to
reduce the uncertainty of the neutrino spectrum. Since this model gives the width of
the ux, its mean value is used in my thesis.
HBD 6 MeV Neutrino Temperature Model [21]
This model is started with the SFR and checked by observations. \HBD" is from initials
of authors names. The eective neutrino temperature is considered with 4, 6, and 8
MeV case in this model. In this thesis, 6 MeV case is adopted.
Failed Supernovae Model [22]
This model considers the direct formation of a black hole during a supernova explosion
(failed supernova). Neutrino ux from failed supernovae has a longer tail at higher
energy region than other SRN models.
Nakazato Model [23, 24]
Focusing the \neutrinos" from the supernovae, more extended time calculation in the
supernova explosion is applied than ordinary supernova simulations. Neutrino oscilla-
tion, mass hierarchy, IMF, metallicity, and the fraction of black-hole forming progenitors
are also considered precisely. One of the predicted examples is shown in Fig.1.10. In
this thesis, trevival = 200 msec and the normal mass hierarchy of the neutrinos are used.
Summary of Each SRN Models
Fig.1.11 shows various predictions of the SRN uxes. The dierences among various
models are signicant at around a few MeV region. Especially, the model of rotation on
neutrino emission from Pop III star model (by Suwa et al: [13]) has the highest peak
at a few MeV, which can be searched only by reactor-o-KamLAND or Borexino. It is
important to provide limits for some models in a few MeV region, not only the limits in
the region of 10 - 30 MeV which is called \golden window".
1.3.3 SRN Search Experiments
Kamiokande/Super-Kamiokande
Kamiokande is a 3000-ton water Cherenkov detector at Kamioka, Japan, where the
former place as KamLAND. The ducial volume is about 680 ton. From the 357 days
of Kamiokande data, 90% C.L. SRNs e upper limit is obtained as 226 cm
 2s 1 at 19 -
35 MeV [25].
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Figure 1.10: Dierential ux of SRNs and expected event rate spectra in Super-
Kamiokande. This gure is cited from Fig.12 in the article [24]. Max (green dashed
line) and Min (blue dashed line) of SRN rates are among models with metallicity evolu-
tion. Details of the parameters are shown in the article.
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Super-Kamiokande is a 50-kton water Cherenkov detector at Kamioka, Japan. The
ducial volume is about 22.5-kton. The recent SRN searches are described and sum-
marized in the Ph.D. thesis by Zhang Yang [26], and SK-IV data with neutron tagging
gives 25 - 31 cm 2s 1 at 9.3 - 31.3 MeV neutrino energies.
SNO
SNO (Sudbury Neutrino Observatory) is a heavy-water neutrino detector at Canada.
It consists of 1-kton heavy water (D2O) lled in an acrylic vessel, and 10 000 PMTs.
Owing to heavy water, SNO is sensitive to e via charged current as
e +D ! p+ p+ e : (1.27)
Upper limit (90% C.L.) is provided as 70 cm 2s 1 in the energy region of 22.9 - 36.9
MeV using collected data from 0.65 kton-yr exposure [27].
Mont Blanc
Mont Blanc is a 90-ton liquid scintillator detector at Mont Blanc Laboratory. 90% upper
limit of e ux is given as 8:2 103 cm 2s 1 [28].
Borexino
Borexino is a 300-ton liquid scintillator detector at the Laboratori Nazionali del Gran
Sasso (LNGS), Italy. The ducial volume is about 100 ton. Owing to the far site from
nuclear reactors, lower limits of SRNs can be given; Ee > 1.8 MeV. Obtained 90%
upper limit of relic supernova e is 760 cm
 2s 1 at 1.8 - 17.8 MeV [29].
KamLAND
KamLAND is a 1000-ton liquid scintillator detector at Kamioka, Japan. The recent
upper limit is 139 cm 2s 1 (90% U.L.) for 8.3 - 31.8 MeV neutrino energies [30]. In the
article, 8.3 MeV lower energy threshold is assigned because Japanese nuclear reactors
were working and KamLAND had a lot of reactor neutrino backgrounds.
SK-Gd
Super-Kamiokande Gadolinium project (SK-Gd) is the next phase of Super-Kamiokande,
the gadolinium doped the detector [31]. Owing to the large cross-section of neutron
capture on gadolinium, SK-Gd will improve the sensitivity to the SRN uxes with ep!
e+n interaction.
Hyper-Kamiokande
Hyper-Kamiokande is a future project in Japan [32]. It is a water Cherenkov-type new
detector and has ten times larger ducial mass than current Super-Kamiokande.
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JUNO
The Jiangmen Underground Neutrino Observatory (JUNO) is also a future project in
China [33]. The detector consists of 20 kton LAB-based liquid scintillator.
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1.4 Other Astronomical Neutrino Sources
Not only supernovae, there are various KamLAND detectable astronomical e sources
in our universe, such as (i) solar e from MSW+RSFP conversion, (ii) dark matter
annihilation process, (iii) gravitational wave, (iv) gamma-ray-burst, and others*3.
1.4.1 Solar Neutrino Conversion
Solar neutrino (e) can be converted to anti-neutrino (e) with MSW [18] + RSFP [34]
model as
e
MSW    !  RSFP    ! e (1.28)
e
RSFP    !  MSW    ! e (1.29)
considering the neutrino magnetic moment.
Solar Neutrinos
The Sun is one of the astronomical neutrino sources with pp-chain (Fig.1.12) and CNO-
cycle, which are summarized as the following hydrogen nuclear fusion reaction,
4p! 4He + 2e+ + 2e + 26:73 MeV: (1.30)
Most of the solar neutrinos are from following reaction in pp-chain and calculated energy
spectra is shown in Fig.1.13. In the anti-neutrino analysis in KamLAND, 8B and hep
neutrinos contribute but the dominant source is the 8B solar neutrino as,
8B! 8Be + e+ + e; (1.31)
where the maximum energy is Emax  15 MeV.
Neutrino magnetic moment
In the standard model, the magnetic moment of Dirac neutrinos is expressed as [36],
 =
3eGFm
82
p
2
= 3 10 19B
 m
1eV

; (1.32)
where B = e=2me is the Bohr magneton and GF is the Fermi coupling constant. In
Majorana neutrino case, i ! i transition is prohibited due to the CPT invariance.
However, the magnetic moment of the avor transition i ! j is allowed even if neutri-
nos are Dirac or Majorana. The observation of larger neutrino magnetic moment than
Eq.1.32 suggests the beyond standard model physics without chirality conservation.
*3such as Solar Flare
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p + p → d + e+ + νe p + e- + p → d + νe
d+ p → ³He + γ
³He + ⁴He → ⁷Be + γ³He + ⁴He → ⁴He + 2p
⁷Be+e- → ⁷Li + νe
³He+p→ ⁴He+e++νe
⁷Be + p → ⁸B + γ
⁸B → ⁸B* +e+ + νe⁷Li+p → ⁴He + ⁴He
⁸B* → ⁴He + ⁴He
99.76% 0.24%
~0.00002%85% (pp-I)
0.018% (pp-III)
15% (pp-II)
Figure 1.12: PP-chain. These reactions generate 98.5% of solar energy. Yellow shadowed
reactions show the neutrino emission mode.
Figure 1.13: Calculated solar neutrino uxes as a function of neutrino energies [35].
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Direct  measurement is carried out by using the neutrino-electron scattering. Its
cross-section is
d
dE
=
22
m2e

1
Ee  me  
1
E

: (1.33)
Most strict upper limit is given by GEMMA experiment [37] measuring reactor e by
using the HPGe detector as
e < 2:9 10 11B (90% C:L:): (1.34)
Other experimental results are summarized by B.Caas et al . [38].
RSFP
Resonant Spin Flavor Precession (RSFP) is a resonance of neutrino helicity transition
like the MSW eect in the Sun via neutrino magnetic moment, and is introduced at one
of the answers of \Solar neutrino problem". Simple RSFP model needs larger neutrino
magnetic moment such as 10 10 B, but the experimental results already excluded this
simple case [38].
RSFP + MSW
Simple RSFP model is excluded but RSFP+MSW model [39, 40] is still alive. In this
RSFP+MSW model, the propagation of Dirac neutrinos is written as
i
d
dt
0BB@
eL
L
eR
R
1CCA =
0BBB@
m2
2E
sin2 12 + Ve
m2
4E
sin2 12 eeB eB
m2
4E
sin2 12
m2
2E
cos2 12 + V eB B
eeB eB
m2
2E
sin2 12
m2
4E
sin2 12
eB B
m2
4E
sin2 12
m2
2E
cos2 12
1CCCA
0BB@
eL
L
eR
R
1CCA ;
(1.35)
where B is the solar magnetic eld. Vi indicates the potential for each avor i = e; 
in a matter
Ve =
Gp
2
(2Ne  Nn) (1.36)
V =   Gp
2
Nn (1.37)
where Ne and Nn are the number density in a matter for electron and neutron respec-
tively.
On the other hand in Majorana neutrino case which arrows iL ! CjL(j) transition,
i
d
dt
0BB@
e

e

1CCA =
0BBB@
m2
2E
sin2 12 + Ve
m2
4E
sin2 12 0 eB
m2
4E
sin2 12
m2
2E
cos2 12 + V eB 0
0 eB
m2
2E
sin2 12
m2
4E
sin2 12
eB 0
m2
4E
sin2 12
m2
2E
cos2 12
1CCCA
0BB@
e

e

1CCA :
(1.38)
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From the above discussion, 8B solar neutrino conversion to e at the Earth can be
considered. KamLAND anti-neutrino data will give the limit of e ! e conversion
probability. Super-Kamiokande and Borexino give the conversion probability limit as
Pe!e < 8:0 10 4 (90% C:L: by Super Kamiokande [41]) (1.39)
Pe!e < 1:3 10 4 (90% C:L: by Borexino [29]): (1.40)
The e ! e conversion probability through RSFP + MSW eects gives the neutrino
magnetic moment as
P (eL ! eR) ' 1:8 10 10 sin2 212


10 12B
BT (0:05R)
10 kG
2
; (1.41)
where BT is the transverse solar magnetic eld in the region of neutrino production, R
is the solar radius,  is the neutrino magnetic moment, and B is the Bohr magneton.
1.4.2 Light Dark Matter Annihilation
In case of the existence of the MeV-scale light dark matter (DM), its self-annihilation
process in our universe might make neutrinos with monochromatic energy. Assuming a
model of MeV-scale DM annihilation in Galactic halo [42], KamLAND e data gives a
velocity-dependent averaged cross-section hAvi as
d
dE
=
hAvi
2
Jave
Rsc
2
0
m2
1
3
 (E  m) ; (1.42)
where
m ; the mass of DM particle
1=2 ; accounting for DM own antiparticle
1=3 ; considering branching ratio of three neutrino species
Rsc = 8:5 [kpc] ; solar radius circle
0 = 0:3 [GeV=cm
3] ; normalizing DM density
and Jave is the angular averaged intensity over the whole Milky Way as
Jave =
1
2Rsc0
Z 1
 1
Z lmax
0
2(r)dld cos ; (1.43)
Jave = 1.3 and 5 case are used in this thesis.
The current upper limits on the light DM cross-section hAvi are obtained by Super-
Kamiokande [42] for 19.3 - 83.3 MeV region and by KamLAND [30] for 8.3 - 30.8 MeV
region. This e search in KamLAND can give the light DM hAvi limit for 1.8 - 30.8
MeV dark matter mass region.
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1.4.3 Gravitational Wave and Gamma-Ray-Burst
KamLAND has recently studied Gravitational Wave (GW) coincident neutrino search
[43] and Gamma-Ray-Burst (GRB) coincident neutrino search [44], but no any signicant
events were found electron anti-neutrinos in KamLAND.
GW physics begun from the detection of binary Black-Hole (BH) merger at LIGO
[45]. Newly GW170817 is found as a binary neutron star merger with GRB observation
[46]. Since GW170817 in addition to the GRB170817A is observed, the neutrinos can
also be emitted from the object.
The analysis energy window is 0.9 - 100 MeV of prompt energy, and including the
supernova relic neutrino study of 0.9 - 30 MeV. Thus, additional GW (and GRB) coin-
cident neutrino searches are described in Appendix.
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1.5 Motivation
This dissertation searches for SRN with KamLAND detector and gives upper limits for
various SRN models. Since the dierences of the ux predictions are shown in the low
energy region as Fig.1.11 to which KamLAND in sensitive during the reactor-o period,
the energy threshold is set lower as Eprompt  0:9 MeV with a newly applied Likelihood
Selection and using the Reactor-O period. Backgrounds are re-evaluated from the
previous results [30] and the fast-neutron simulation is performed with old/new OD
detector.
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Figure 1.14: The excluded area for neutrino temperature and luminosity by Super-
Kamiokande (red shadowed region), and the Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data. Figure is taken from [47].
The observation of SN1987A tells about the supernova explosion with the neutrino
temperature of T ' 2.5 - 3.7 MeV [48] and the binding energy of Eb ' 1053 erg, while
some models prefer higher neutrino temperature as T ' 4 - 7 MeV [5, 15, 16, 22].
SRN spectrum study can restrict the \average" supernova explosion mechanism via the
integration over all the past supernovae; Fig.1.14 shows the exclusion area by Super-
Kamiokande for T > 4 MeV. KamLAND, lower energy threshold detector than Super-
Kamiokande, can study T < 4 MeV by using the data of the Reactor-O period.
Furthermore, in the same region of the SRN search for 0.9 - 30 MeV, the (non-
)excess can be considered as coming from the solar 8B e conversion and the light DM
annihilation.

Chapter 2
KamLAND Detector
KamLAND (Kamioka Liquid-scintillatorAnti-NeutrinoDetector) is an ultrapure liquid
scintillator detector as Fig.2.1. The site is at 1000 m underground from the top of
Mt.Ikenoyama, where the former detector Kamiokande was placed, and the cosmic muon
ux is suppressed to  O(10 5). In this chapter, the details of KamLAND detector are
Figure 2.1: KamLAND area in the Kamioka mine.
described in Sec.2.1, a liquid-scintillator purication system and purication works are
in Sec.2.2, and a detector calibration system and its works in Sec.2.3. From 2011, the
KamLAND-Zen experiment started (Sec.2.4), and the outer detector was refurbished in
2016 (Sec.2.5).
Only in this chapter, the two balloon name in the detector are explicitly written as
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\inner-balloon" and \outer-balloon". The \balloon" means 13 m radius \outer-balloon"
unless otherwise mentioned.
2.1 Detector Components
KamLAND has a cylindrical rock cavity of an outer-detector (OD) and a spherical
stainless steel tank of an inner-detector (ID) with a lot of Photo-Multiplier Tubes (PMT).
Each detector component is described in the following subsections, and the inner-balloon
is written in Sec.2.4.
2.1.1 Outer-Detector (OD)
Outer-Detector is a water Cherenkov active-veto counter with 20 m height and 20 m
diameter cylindrical water vessel. The number of 20-inch PMTs placed on the OD wall
is 225 before 2016 and is 140 after the OD refurbishment (Sec.2.5). OD detects cosmic
muons via Cherenkov light and blocks external energetic neutrons and beta/gamma-rays
from surrounding rock. We can see decreasing/increasing of external gamma-rays from
surrounding rocks during the OD refurbishment. OD water keeps the ID temperature
with a cooling-water ow of 8 ton/hour.
2.1.2 Inner-Detector (ID)
Inner-detector is the heart of KamLAND. It consists of an 18 m diameter spherical
stainless steel tank, a 13 m diameter outer-balloon lled with a 1000 tons of liquid
scintillator (KamLAND-LS), 1325 of 17-inch PMTs, and 554 of 20-inch PMTs, as shown
in Fig.2.2. Liquid scintillator emits isotropic scintillation light for ; , and -rays,
and then PMTs detect the scintillation light. The anti-neutrinos are detected via a
characteristic events of Inverse Beta Decay (IBD) reaction.
Outer-Balloon and Buer Oil
Outer-balloon is a 13 m diameter and is made of 44 gores of ve layered transparent
lms; EVOH/nylon/nylon/nylon/EVOH, totally 135 m thick. To avoid the radioac-
tive background, the ducial volume is selected (detail in Chap.5). Outer-balloon is
suspended by 44 Kevlar ropes, and the position is stabilized by buer oil in a spherical
stainless-steel tank. Buer oil is to block external -rays from a stainless-steel tank or
PMTs, whose components are shown in Tab.2.1.
Table 2.1: Buer oil components.
Material Density Volume ratio
Dodecane (N-12) C12H26 0:749 g=cm
3 53%
Isoparan (Paraol 250) CnH2n+2 0:795 g=cm
3 47%
Buer oil 0:77690 g=cm3 -
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Outer Detector (OD)
• Purified water
• 20-inch PMTs
Chimney Area
• Calibration equipments
Inner Detector (ID)
• Kevlar ropes
• 13 m Φ balloon
• 17-inch PMTs
• 20-inch PMTs
• Buffer Oil
• Liquid Scintillator
Figure 2.2: Schematic view of KamLAND detector.
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Radioactive impurities of outer-balloon and Kevlar ropes are summarized in Tab.2.2.
Table 2.2: Radioactive impurities of outer-balloon and Kevlar rope.
- 238U 232Th 40K
Outer-balloon 0.018 ppb (0.02 Bq) 0.014 ppb (0.006 Bq) 0.27 ppb (7.2 Bq)
Kevlar rope 0.08 ppb (0.1 Bq) 0.8 ppb (0.33 Bq) 1.2 ppb (31 Bq)
KamLAND Liquid Scintillator (KamLAND-LS)
KamLAND has a 1000 tons of organic liquid scintillator lled in the outer-balloon.
The liquid scintillator, called \KamLAND-LS", consisted of a mineral-oil, solvent, and
scintillation agent as Tab.2.3. KamLAND-LS has a 375 nm wavelength emission peak
and high transmittance in the wavelength region as shown in Fig.2.3.
Table 2.3: KamLAND-LS components.
Material Density Volume ratio
Dodecane (N-12) C12H26 0:749 g=cm
3 80%
Pseudocumene (1,2,4-Trimethylbenzene) C9H12 0:875 g=cm
3 20%
PPO (2,5-Diphenyloxazole) C15H11NO - 1:36 g=l
KamLAND-LS 0:77721 g=cm3 -
From some calibrations and measurements, LS parameters are summarized in Tab.2.4.
2.1.3 Photo Multiplier Tubes (PMT)
In KamLAND, scintillation light and Cherenkov light are detected via photo-multiplier
tubes (PMTs).
ID PMT
ID has 1325 of 17-inch PMTs and 554 of 20-inch PMTs mounted on the wall of a
spherical ID stainless-steel tank. The 20-inch PMTs were used in Kamiokande and are
re-used in KamLAND after the refurbishment for the oil-resistant. The 17-inch PMTs
are developed for KamLAND to improve the time resolution. Major updates from the
20-inch PMT are (i) a dynode type: Venetian blind ! 1-step box and 9-step line forcus
dinodes, and (ii) masking the circular edge of the photocathode. The performance of
each type PMT is shown in Tab.2.5. Fig.2.4 shows the schematic view of the 17-inch
PMT and the 20-inch PMT.
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Figure 2.3: KamLAND-LS transmittance (blue) and emission (red) spectrum. The
transmittance is measured for 9 cm length with a double-beam spectrophotometer \U-
3900". The emission spectrum is measured by using 340 nm excitation light with a
spectrouorometer \F-3400".
DYNODE
(Line-focus)
PHOTO CATHODE
(a) 17inch
PHOTO CATHODE
DYNODE
(Venetian-blind)
(b) 20inch
Figure 2.4: Schematic view of (a) 17-inch PMT and (b) 20-inch PMT.
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Table 2.4: LS parameters of designed value and actual value [49].
Parameter Designed value Actual value
Temperature [C]  12 11.5
Specic density [g=cm3] at 15 C 0.778 0.77754  0.00010
H/C ratio 1.902 1.969
Refractive index at  = 590 nm, 14 C 1.44 1.44087  0.00015
Light yield [p.e./MeV]
(i) 17-inch PMT only  250  300 (at center)
(ii) 17-inch + 20-inch PMT  400 -
Time response parameters [nsec]
R(t) = a=a exp ( t=a) + b=b exp ( t=b)
a 0.86 0.69
b 0.14 0.31
a 6.9 4.0
b 8.8 8.6
Neutron capture time [nsec]  212 212.5  8.1
Radiation length [cm] 18 -
Flashing point [C] 64 -
Thermal expansion coecient [=C] -0.00095 -
Kinetic viscosity [cSt] at 30 C 1.4 -
Table 2.5: 17-inch PMT and 20-inch PMT performances. \T.T." means the transit time,
and \T.T.S." is the transit time spread.
Parameter 17-inch 20-inch
Eective photocathode ( [mm]) 430 -
Dynode box and line focus (10 steps) venetian blind (13 steps)
Quantum eciency at 390 nm 22% 23%
T.T. 110 nsec 90 nsec
T.T.S. (FWHM) 3.5 nsec 7.7 nsec
PV ratio 2.5 -
Dark rate 22 kHz 40 kHz
After pulse 3% -
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OD PMT
225 of 20-inch PMTs from Kamiokande are re-used and set in the OD before the OD
refurbishment in 2016, and 140 of new 20-inch PMTs are installed after the refurbish-
ment.
For new PMT, R3600-06MOD type is selected which is the same as the Super-
Kamiokande PMT [50] but has higher quantum eciency. The performances of the new
PMT are described in Tab.2.6, Fig.2.5, and Fig.2.6.
Table 2.6: R3600-06MOD performance. Q.E. means quantum eciency. The original
data is measured by Hamamatsu Photonics K.K.
Normal Q.E. High Q.E.
Eective photocathode min [mm] 460
Dynode type venetian blind
Quantum eciency (at 400 nm wavelength) 2021% 32%
P/V ratio 1.6
TT (representative) [nsec] 95
TTS (average) [nsec] 5.9
Dark pulse rate (average) [kHz] 17 25
HV for 107 gain [V] 1815 1860
2.1.4 Electronics and Data Acquisition System
An obtained analog signal from each PMT is digitalized and recorded by electronics.
KamLAND data acquisition (DAQ) is supported by mainly three system components:
(i) front-end electronics, (ii) trigger system, and (iii) data acquisition system. A brief
overview of the DAQ system is shown in Fig.2.7.
Front-End Electronics
KamLAND Front-End Electronics, abbreviated as \FEE" or \KamFEE", is based on
Analog Transient Waveform Digitizer (ATWD) as shown in Fig.2.8. These KamFEE
boards bundle 12 PMT channels by using a Field Programmable Gate Array (FPGA).
Each localized discriminator with a threshold tuned as 0.5 mV pulse height which corre-
sponds to 0.3 photo-electron (p.e.) sends the hit information to the FPGA. After that,
the number of hit PMTs (Nsum) is sent to the trigger circuitry. ATWD chip holds an
analog signal waveform on the capacitor arrays and it digitizes its waveform on request.
Digitized waveform data from PMT analog signal consists of 10-bit 128 samples with
1.49 nsec sampling intervals. The input signals are recorded in the capacitor array in
ATWD chip until \capture" command arises which is issued by the discriminator. Its
command stops sampling and holds waveforms at that time. \Digitize" command issued
by global trigger makes digitization of the captured waveform, otherwise the waveform
is discarded. Preventing the dead-time during the analog-to-digital conversion, dual
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Figure 2.5: Schematic view of the R3600-06MOD. The gure is brought from [51] and
original data is from Hamamatsu Photonics K.K..
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Termination
Coupling Capacitor
Lowpass filterfor noise from power supply
Decoupling Capacitorin order to supply to later stage
Damping resistancefor ringing
Figure 2.6: Circuit of the R3600-06MOD PMT. The gure is taken from [51] and original
data is from Hamamatsu Photonics K.K..
Figure 2.7: Overview of KamLAND DAQ components.
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Figure 2.8: KamLAND Front-End Electronics diagram.
ATWD chips (ATWD-A and ATWD-B) work alternately for each of a PMT. For the
dynamic range, each ATWD has three gains as:
 High-gain
amplication of 20, for single photo-electron
 Middle-gain
amplication of 4, for the case of high-gain saturation
 Low-gain
amplication of 0:5, for the large signal such as cosmic muons
Trigger System
Trigger system collects the hit information (Nsum) from the KamFEE boards, commu-
nicates with DAQ system, and provides 40 MHz clock signal. Here, four trigger types
related in this thesis are explained.
 ID Global Trigger
ID global trigger has two types; a prompt trigger and a delayed trigger. They are
for the prompt event and the delayed event of the delayed-coincidence sequential
event (Chap.5). Once a prompt trigger is issued, 1 msec window is opened for a
delayed event. Their thresholds were initially Nsum  200 hits (corresponding to
 0:7 MeV) and Nsum  120 hits ( 0.3 MeV) for prompt and delayed signal,
respectively.
2.1. DETECTOR COMPONENTS 39
These trigger thresholds are changed with event rate in KamLAND at special
working; e.g.) higher threshold during the purication (Sec.2.2). After the LS-
purication campaign, the threshold is down to Nsum  80 hits for prompt and
delayed trigger owing to the reduction of backgrounds from radioactivities. During
the KamLAND-Zen 400, delayed trigger threshold is further down to 50 hits in
order to detect 214Bi-Po with high eciency which is a dominant background for
a 02 search. Their changes are summarized in Fig.2.9.
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Figure 2.9: Trigger threshold time variation.
 OD Trigger
The OD trigger produces an OD-to-ID trigger which forces to issue ID global
trigger regardless of each ID trigger threshold. It is mainly used for the ID-OD
related events such as fast neutron.
This trigger consists of four sections: top, upper, lower, and bottom part of OD.
Their thresholds are 6, 5, 6, and 7 hits respectively. While after the OD refurbish-
ment in 2016, four triggers are changed as: top (8 hit), middle (9 hit), bottom (11
hit), and global (13 hit).
 ID History Trigger
ID history trigger counts \Nsum" for the maximum of 200 nsec while it exceeds
threshold in every 25 nsec. \NsumMax" is dened as the maximum Nsum in this
window. This history trigger records no waveform but only hit information.
 ID Prescale Trigger
Prescale trigger is a low threshold trigger issued for ID with a rate of every 1
sec. This trigger is mainly for high rate events such as source calibration and
background run.
The prompt trigger eciency for e analysis is estimated from the delayed trigger
events as,
prompt =
number of events with NsumMax  Npromptth
number of delayed trigger issued events
: (2.1)
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Figure 2.10: (a) - (c); Prompt trigger eciencies as a function of visible energy in each
period. Blue solid histogram is the delayed-trigger issued events. Sky blue shadowed
histogram is the same but with NsumMax  Npromptth selection. Black solid line indicates
trigger eciency calculated from two colored histograms. (d); The time-variation of
prompt trigger eciency at 0.9 MeV visible energy.
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Fig.2.10 shows the prompt trigger eciency. In most periods, trigger eciency is
kept at 99% or more at 0.9 MeV prompt energy which is the lower energy threshold in
e analysis. During the purication periods, the eciency is lowered to  94% because
of a lot of noise events and large dark charge.
Data Acquisition System
The main tasks of DAQ system are (i) to set run-conditions for the KamFEE and trigger
systems, (ii) to readout the digitized waveforms, (iii) to record them on the data storage
disk, and (iv) to provide the GUI for run control. Stored data is time-ordered and sorted
with hit information by \event-builder". Finally, data is acquired as time and charge
information of each of the hit PMT.
MoGURA
KamLAND has another FEE of \MoGURA" which was well studied by [52, 53]. Its
analysis method is still under the development with low qualities of the energy and
vertex reconstruction. Besides, analysis available period by MoGURA does not cover
the full dataset of this thesis because MoGURA was installed shortly before the start of
KamLAND-Zen 400. Therefore, this module is not used in this study.
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Table 2.7: Radioactivity of the LS components (before purication) measured by ICP-
MS, and the nal mixture after 1st purication measured in-situ by KamLAND [54].
Material 238U [g/g] 232Th [g/g] 40K [g/g]
Isoparan 3 10 13  6 10 12 -
Dodecane  1 10 13  6 10 12  1:2 10 12
Pseudocumene  1 10 13 - -
PPO 1:2 10 11  5 10 11  5:3 10 11
LS (after purif.) (3:4 0:4) 10 18 (5:7 0:8) 10 17 2:7 10 16
2.2 Purication System
Ultra clean liquid scintillator (LS) is one of the advantages of the KamLAND detector.
The LS purication was done during the detector construction period by water-extraction
method in 2002 with the \1st-purication system". However, non-negligible background
contamination was found at low energy region, which is serious for the solar-neutrino
study. In the e analysis,
210Po is a serious radioactive impurity for the alpha-source of
(; n) background reaction (Sec.6.5). Therefore, to remove these radioactive impurities
in LS, the puricatoin by distillation using the \2nd purication system" was built
and two times of purication campaigns were performed; from March 12th, 2007 to
August 1st, 2007 (1st purication period) and from July 16th, 2008 to February 6th,
2009 (2nd purication period). The purication result of the 1st purication campaign
is summarized in Tab.2.7 which reduced the radioactivities by a factor of  O(10 5).
In this section, their purication systems are briey introduced. Detail of each
purications and performances is described in the reference [54].
Water Extraction
Water extraction is a main purication method in the 1st purication system. Heavy
metal ions such as uranium, thorium, potassium, and radium dissolved in LS are trapped
by the polarized water molecule. This method uses the property of oil-water separation
and water polarization. Fig.2.11 shows the schematic view of this purication system
and LS ows. The purication quality is summarized as shown in Tab.2.7.
Nitrogen Purge
The purpose of nitrogen purge is to remove following impurities from LS:
 Remnant water mixture during the water extraction
water contamination in LS makes low LS transparency and decreases light yield
 Oxygen
oxygen is one of the quenchers for LS
 Radioactive noble gas
such as radon, argon, and krypton
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Pre-filter Input-filter Final-filter
Water extraction Nitrogen purge tower
Purified Water Exaust N2
N2
Figure 2.11: Schematic view of the 1st purication system.
Distillation System
LS distillation is the main method in the 2nd purication system as shown in Fig.2.12.
Distillation is a powerful method to purify the LS from other contaminations, such as
210Pb and 40K by using the dierent boiling points of each LS component. Three distilla-
tion towers are constructed for each LS component, and their pressures and temperatures
are summarized in Tab.2.8. The purication procedure is as follows:
1. LS drains from the bottom of the KamLAND to the buer tank with 1.5 m3=h
2. LS distillation for removing 210Pb and 40K in each tower
3. Mixing of the distilled LS components in the mixing tank and adjustment of its
density to target value with O(10 3) g=cm3 accuracy
4. Nitrogen purge to remove the noble gas contamination with 30 m3=h ow of nitro-
gen
5. LS lling to KamLAND after checking the PPO concentration, the 222Rn/85Kr
concentration, and the transparency
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Figure 2.12: Overview of the 2nd purication system.
Table 2.8: Pressure and temperature of each distillation tower.
Component Boiling point Pressure Temperature
Pseudocumene 169 C 1.6 kPa 60 C
Dodecane 216 C 2.2 kPa 110 C
PPO 360 C 0.6 kPa 190 C
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2.3 Source Calibration Equipment
KamLAND data quality is checked with the source calibration providing the known-
energies and well-controlled positions. The various calibration sources are summarized in
Tab.2.9. Source calibration is periodically implemented before the start of KamLAND-
Zen 400 (Sec.2.4). During KamLAND-Zen 400, the source calibration for e analysis
could not be operated because the inner-balloon was suspended at the center of the
detector. Some of the spallation products are useful for conrming the detector stability
(Chap.4), instead of the source calibration.
Table 2.9: Calibration sources.
Source Particle type Energy [MeV] Half life
208Hg  0.2792 46.612 d
137Cs  0.6616 30.07 y
65Zn  1.1116 244.3 d
68Ge  0.511  2 270.8 d
60Co  1.732, 1.3325 5.271 y
241Am9Be ; n ; 4.4, n;< 10 432 y
210Po13C ; n ; 6.13, n;< 7:5 22 y
For the full volume calibration, \4-calibration" [55] is operated. Calibration source
adapted at the top of the pole is controlled with two cables. This calibration provides the
precise measurement of the ducial volume. Its schematic overview is shown in Fig.2.13.
The MiniCal system [56] is used in regular z-axis calibration for the estimation of
the position bias and the vertex bias. These calibration results are described in Sec.3.8.
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(5) (6)
(b) Scheme
Figure 2.13: Illustration of 4-calibration in KamLAND and its deployment scheme [55].
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2.4 KamLAND-Zen
KamLAND-Zen (Zero neutrino double beta decay search) is the most sensitive 02
search experiment using 136Xe as a double beta nuclei. A 1.54 m radius inner-balloon was
installed at the center of the KamLAND in 2011 as \KamLAND-Zen 400". Because of
some dierent event selections for e analysis in that phase, KamLAND-Zen experiment
is described shortly.
2.4.1 02 Search Motivation
The neutrinos still have some unsolved problems, such as a reason why its mass is
extremely lighter than other leptons, a non-determined its mass hierarchy, and a particle
type; whether it is Majorana particle or Dirac particle.
02 is a key to solving those. The detection of the 02 decay event is the straight-
forward evidence of the neutrino being a Majorana-type particle. Left-handed neutrino
mass goes small in Majorana case via so-called \See-Saw mechanism". 02 decay life-
time gives limits for neutrino mass hierarchy as
T 021=2
 1
= G02
M022 hm02i2 (2.2)
jhm02ij 
ULe12m1 + ULe22m2ei2 + ULe32m3ei3 ; (2.3)
where G02 is a phase space factor, M02 is a nuclear matrix element, hm02i is a
Majorana neutrino eective mass, ei2;3 are Majorana CP phase, ULej (j = 1 - 3) are the
mixing matrix elements.
The latest results of 02 search is shown in Fig.2.14, and KamLAND-Zen reported
the most stringent limits on the lifetime and Majorana eective mass as [57],
T 021=2 > 1:07 1026 [yr] (90% C:L:) (2.4)
hm02i < 61  165 [meV] (90% C:L:): (2.5)
2.4.2 KamLAND-Zen Experiment
The schematic view of the KamLAND-Zen experiment is shown in Fig.2.15. Nylon-based
inner-balloon is suspended at the center of the KamLAND and lled with a xenon loaded
liquid scintillator (Tab.2.10). \KamLAND-Zen 400" uses 320 kg (Phase-1) and 383 kg
(Phase-2*1) enriched xenon in a 1.54 m radius inner-balloon from November 12th, 2011
to December 15th, 2015.
As a next step, old inner-balloon used for KamLAND-Zen 400 was uninstalled on
December 23th, 2015, and a new 1.92 m radius inner-balloon for \KamLAND-Zen 800"
is fabricated with drastic suppression of the radioactive impurities. KamLAND-Zen
*1In more detail, KamLAND-Zen 400 phase-2 divided into two data sets as period-1 and period-2.
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Figure 2.14: The latest result from KamLAND-Zen 400. IH(NH) means In-
verted(Normal) mass Hierarchy. Gray shadowed regions are other 02 search experi-
ment results. The gure is taken from [57].
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KamLAND liquid scintillator
1879 photomultiplier tubes
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KamLAND-Zen
KamLAND
Figure 2.15: KamLAND-Zen schematic view. A nylon-based inner-balloon is installed
at the center of the KamLAND and lled with a xenon-loaded liquid scintillator.
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Table 2.10: Xenon loaded liquid scintillator (Xe-LS) components. The density is without
xenon.
Material Density Volume ratio
Decane (N-10) C10H22 0:735 g=cm
3 82:3%
Pseudocumene (1,2,4-Trimethylbenzene) C9H12 0:875 g=cm
3 17:7%
PPO (2,5-Diphenyloxazole) C15H11NO - 2:7 g=l
XeLS 0:76068 g=cm3 -
800 is planned to use approximately 800 kg of enriched xenon and ultra clean inner-
balloon. New inner-balloon was installed in KamLAND on August 8th, 2016. However,
unfortunately, the leakage was found on new inner-balloon before lling the xenon loaded
liquid scintillator, so that KamLAND-Zen 800 could not start data-taking. On December
26th, 2016, new inner-balloon was also extracted from KamLAND and the new one is
being reproduced to restart KamLAND-Zen 800. This period is called as \Failed 800"
in this thesis.
In the anti-neutrino analysis, vertex cut of KamLAND-Zen volume for delayed events
of IBD is applied for each KamLAND-Zen periods (event selection criteria are described
in Chap.5).
The dataset of KamLAND-Zen 400 and Failed 800 phases are summarized in Tab.2.11.
Table 2.11: Summary of KamLAND-Zen phases.
KamLAND-Zen 400 Failed 800
Phase-1 Phase-2
Date 2011/10/12 - 2013/12/10 2013/12/11 - 2015/12/15 2017/8/8 - 2017/11/26
Run number 11000 - 12246 12247 - 13414 13792 - 13961
Xenon 320 kg 383 kg  800 kg (not used)
Inner-balloon 1.54 m radius 1.92 m radius
2.4.3 Background Suppression and New Inner-Balloon Fabrication
Here, the inner-balloon fabrication is introduced which was installed in 2016 but was
found leakage.
The dominant backgrounds for 02 search in KamLAND-Zen 400 were (i) 110mAg
on the inner-balloon lm which is unexpected contamination, (ii) 214Bi on/including
inner-balloon lm which is one of the daughter nuclei of 238U series, (iii) 10C in liquid
scintillator which is a spallation product from cosmic muons, and (iv) 22 decay mode
of 136Xe which goes up to the interest energy region around at the Q-value (2.46 MeV) of
02 because of the detector energy resolution. On the KamLAND-Zen 400, radioactive
impurities such as 238U, 232Th, and 40K were introduced during the inner-balloon fabri-
cation. ICP-MS results soon after the ultrasonic washing of the lms showed O(10 12)
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gram per 1 gram of the nylon lm ([g/g]), but KamLAND-Zen 400 analysis showed
O(10 11) g/g.
On the Failed 800 inner-balloon fabrication, followings are applied for super-clean
controls,
 Super clean rooms (class-1*2)
{ class-1 super clean room for a balloon fabricaion
{ another clean room for pre-cleaning
{ downow air condition with HEPA lter and grating oor
{ an ultrasonic washing machine with ultrapure water for nylon lm
{ ultrapure nitrogen gas
 Investigation where the dust comes from
{ checking the super-clean room with the green laser and the scattered light
from dust
{ validation that most of the dust comes from humans, esperically from the
inner-shirts in clean-suits
{ nding that the cellulose-based clean wiper has non-negligible dust for class-1
condition
 Covering all the skin of the workers
{ clean suits (going laundry once used)
{ clean inner-wear
{ two layered gloves
{ goggle and face mask covering completely
 Avoiding unnecessary touch to the nylon lm
{ introduction of the automatic welding machines
 Cleaning all items
{ nylon lms are washed in the ultrasonic bath, and the water is changed each
time
{ all items are wiped with ethanol or isopropanol before they enter in clean
room
{ all tools are washed with detergent and ultrapure water
{ SUS tool is used to prevent getting rusted
{ clean cloth is washed with ultrapure water in the super clean room
*2The number of 0:5 m radius particles is O(1) in 1 ft3.
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 Packing nylon lms for inner-balloon with the same nylon lms right after the
ultrasonic washing (keep clean packing)
Commercial nylon lms contaminate \ller" for smoothing and bendability, but it has
many radioactive impurities. Therefore, the nylon lm is custom ordered without ller;
however such nylon has high static electricity and is easily scratched in low humidity
season. The thickness of nylon lm is 25 m, which is determined by its mechanical
strength and the inuence of radioactive contaminations on 02 search. Radioactive
impurities are measured with the ICP-MS by NTT-Advance Technology Co., as shown
in Tab.2.12.
Table 2.12: KamLAND-Zen 800 nylon lm radioactive impurities from ICP-MS. 40K is
estimated from natural abundance ; 0.0117%.
238U [g/g] 232Th [g/g] 40K [g/g]
Nylon (before washed) 4 10 12 7 10 12 < 1 10 11
Nylon (soon after washed) 2 10 12 6 10 12 < 1 10 11
The welding is critical part of the fabrication. Nylon inner-balloon consists of 24
main gores, a 24-square polar part, six triangle-cone parts, and a straight tube part with
heat welded. KamLAND-Zen 400 inner-balloon fabrication was outsourced, on the other
hand, in KamLAND-Zen 800 inner-balloon fabrication, all works were done by ourselves
for keeping super-clean. The welding parameters are searched for our custom-machine:
(i) Heating temperature (search range is 220 - 250 C), (ii) Heating keep time (2.0 -
6.5 sec), and (iii) Cooling temperature (40 - 100 C). The parameters were decided as
235 C, 6.0 sec, and 100 C considering the damage on the heater and the strength of
welded nylon. The welding machine pushes and heats the nylon lms with two-layered
heat-absorbed nylon belts (Fig.2.16). This method is followed from KamLAND-Zen 400
fabrication. At a straight part and a cone part which are too narrow for customized
welding machine bar, a handy-type welding machine with 11 cm long of heating-bar is
used. These welding parameters are very sensitive to room humidity, temperature, the
material of welding stand, and the handling technique.
Figure 2.16: (Left) A sectional view of heat-welded nylons. (Right) A custom welding
machine. The heater is set bottom and 30 cm long bar pushes nylon lm from upper
with nitrogen gas cylinder pressure.
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The leakage hunting is also important. Since some leakages are generated during the
heat-welding process, strict*3 helium leak search was operated for one month. Found
leakages, where helium rate over the room environment is measured at, are repaired with
nylon lm patch and super-glue (Aron Alpha type 202). Finally, we had whole-leakage
search with helium gas in the super clean room and found no leakage.
Fabricated and leak-repaired inner-balloon was folded like as an umbrella and wrapped
by some Teon sheets not to unfold because the chimney of KamLAND has a narrow di-
ameter. Folded inner-balloon is opened in KamLAND and lled with a non-xenon liquid
scintillator. In addition to the folding balloon, 12 suspend Vectran ropes are inserted.
To connect with the top of the chimney ange, the inner-balloon was glued to a PEEK
tube which is connected with three pieces of corrugated tubes (PMA Flex, CYLG-95B).
2.4.4 Inner-Balloon Installation on 2016
Newly fabricated 1.92 m radius inner-balloon was installed in KamLAND on August 8th,
2016 and lled with a non-xenon liquid scintillator (Tab.2.10) taking nine days. During
the installation and liquid scintillator lling, two monitoring cameras and two LED lights
were also installed in KamLAND. Expected LS volume was 30:0 m3; however, it did not
reach the full, which gave us the leakage suspicion.
We tested the inner-balloon leakage suspicion using the dierence of liquid scintil-
lator components between KamLAND-LS (Tab.2.3) and Xe-LS (Tab.2.10). The gas
chromatography result is shown in Fig.2.17, and it shows a clear peak of \N12" which
is only in KamLAND-LS.
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Figure 2.17: Result of gas chromatography for lling liquid scintillator. Sample B - H
indicate the sampling number of LS, and KL-Z400 indicates a LS used at KamLAND-
Zen 400 period. \N12" is only consisted in KamLAND-LS but found in inner-balloon
volume (sample B - H). KL-Z400 (red line) has no \N12" peak.
*3Contrast to KamLAND-Zen 400 fabrication which was roughly checked.
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On November 26th, 2016, new inner-balloon was uninstalled without any KamLAND-
Zen 800 data acquisition. Fortunately, we took about two months non-xenon data and
obtained the evaluation of radioactive contamination on the inner-balloon as summarized
in Tab.2.13. We can say, at least, that we succeeded to keep clean and suppressed
radioactivities for inner-balloon fabrication.
Table 2.13: Preliminary result of new inner-balloon radioactivities from Failed 800 phase
data analysis.
238U [g/g] 232Th [g/g]
(3:0 0:8stat) 10 12 (1:8 0:9stat) 10 12
This new inner-balloon installation period in 2016 is called \Failed 800" phase in this
study.
2.4.5 Current Status of KamLAND-Zen 800
After the uninstallation, we checked the inner-balloon leakage with helium gas and found
ve small points. It is suspected that those leakages were born during the installation
work because at that time the inner-balloon might have most stress.
Not to break the balloon by such intense stress, we decided to try to re-examine the
welding methods and the parameters. We are now reproducing the 1.92 m radius new
inner-balloon and planning to start the KamLAND-Zen 800 phase as soon as possible.
The fabrication is already nished with tuned welding parameters, and the leak checking
and its repair work are ongoing.
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2.5 OD Refurbishment
2.5.1 Motivation and Improvement
OD has an important role of muon tagging for higher energy e search in KamLAND be-
cause cosmic muon induces the background events such as 9Li (Sec.6.2) and fast neutron
(Sec.6.3). However, the OD PMTs are reused ones of the old Kamikande experiment,
and in the early stage of the KamLAND 1/3 of PMTs were already dead and the number
of dead tubes has further increased recently. These dead-tubes cause an increase of OD
ineciency as Fig.5.21. Therefore, their refurbishment is operated at the timing of OD
stainless steel tank maintenance by replacing the all PMTs with new 20-inch PMTs.
Although the number of OD PMTs is 225 initially, the number of new PMTs is 140,
which is enough by MC studies. To further increase the detection eciency, followings
are newly taken:
 High quantum eciency (Q.E.) PMT installation
High Q.E. PMTs are installed at mainly the equator region of KamLAND which
is less sensitive to cosmic muon events due to its thin OD water layer.
 Rotation of PMT at equator
OD PMTs are set as perpendicular to OD wall originally. To improve the sensitivity
of the equator region, they are rotated to view the equator region.
 New Tyvek sheet setting
To further improve the detection eciency at the equator, high reectivity Tyvek
sheet (Tyvek 1082D) is installed. This selection studies of the new reective sheet
are made by Ozaki [51].
 Removing the border Tyvek sheets
Originally, the border Tyvek sheets are set to separate the top and bottom region
from the upper and lower region of OD. In the new OD, those sheets are uninstalled
to increase the detection eciency.
 Re-arrangement of the OD trigger
Original OD trigger is divided into four segments: top, upper, lower, and bottom
with Tyvek segmentation. On the other hand, the new one is analytically divided
into top, middle, bottom, and global.
After the OD refurbishment, OD muon selection criteria is tuned with real data and
set increased threshold as nine hits from original ve hits. Owing to above improvements
in the equator eciency, new thresholds are set higher than the old ones although the
number of OD PMTs is decreased.
2.5.2 Refurbishment Works
OD refurbishment campaign was made between January 5th, 2016 to June 22th, 2016.
First of all, on the January 5th, 2016, OD water draining was started. The drain ow
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was controlled, and the PMTs above the equator were replaced by using oating boat.
Lower PMTs were replaced using scaolding. After the replacement of all PMTs, OD
water lling started on March 5th, 2016 and ended on April. Trigger threshold setting
and HV adjustment works were done from May to June in 2016. Finally, physics run
started on June 22nd, 2016.
During the refurbishment work when there was no (or less) OD water, DAQ was
running with 17-inch PMT only and in the night time only due to the high temperature
of ID and many external backgrounds. This special DAQ period is not used for usual e
analysis because of the low muon tagging eciency and the high noise rate, but it can
be used for the supernova neutrino detection (not \relic" supernova).
2.5.3 External Gamma-Ray Detection with OD Water Level
Here, the conrmation of how eectively the OD water shields the external gamma-rays
is described. During the OD refurbishment campaign, OD water is drained and lled.
Fig.2.18 shows the time-variation of the event rate during the OD refurbishment with 1.8
- 3 MeV energy region. Direction of \cos  = 1" means the top of KamLAND detector,
and \cos  =  1" means bottom. The event rate is suppressed during the water-lling
period, and its vertex depends on the water-level in OD.
RunNumber
13450 13500 13550 13600
θ
co
s
1−
0.8−
0.6−
0.4−
0.2−
0
0.2
0.4
0.6
0.8
1
Ev
en
tR
at
e 
[/h
r]
1
10
210
310
410
Water Draining
No Water
Water Filling
Figure 2.18: Time variation of the event rate during the OD refurbishment campaign.

Chapter 3
Event Reconstruction and
Detector Calibration
KamLAND, a large volume liquid-scintillator (LS) detector, observes scintillation light
and Cherenkov light of ionization particles or muons in inner-detector (ID) with 1879
photo-multiplier tubes (PMTs). The energy and vertex are reconstructed from those
PMT charges, timing, number of hits, and PMT positions. This chapter shows the
procedure for event reconstruction in ID and is discussed its quality. On the other hand
in a water Cherenkov outer-detector (OD), the number of hits is only used. OD identies
cosmic muon or energetic neutron events without the event reconstruction.
The procedure of the event reconstruction in ID is as follows:
1. Waveform analysis
2. Time and charge correction
3. Event identication
4. Muon track reconstruction
5. Vertex reconstruction
6. Energy reconstruction
7. Quality check
Although KamLAND has two types of data acquisition system (FBE and MoGURA)
as described in Chap.2, the event reconstruction with only FBE is shown because this
astronomical anti-neutrino analysis does not use MoGURA data.
57
58 CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION
3.1 Waveform Analysis
Data acquisition electronics buer the individual analog-waveform for each PMT with
each sampling bin. The data is formatted in \kdf" (KiNOKO Data Format)*1. Firstly,
waveform information from each PMT is procedded to get the charge, timing and other
information. PMTs have each particular oset, so-called \pedestal" which need to be
subtracted. To evaluate each pedestal, 50 pedestal waveforms are recorded at the be-
ginning of each run and are averaged after noise and dark hit rejection. A waveform
is smoothed after pedestal subtraction, but its baseline can be moved due to the after-
eects of the previous event. The baseline is re-calculated to zero, and the \leading
edge" dened as the rst bin of each pulse is obtained. The leading edge means the rst
arrival photon at PMT for the use of suppressing the high-frequency noise. The charge
is dened as the total area of all pulses in the waveform. Waveform data are dumped as
\sf" (serial le) format which has waveforms of each PMT as Fig.3.1.
The waveforms recorded by FBE are converted to time and charge information (\rtq"
format) for each PMT. The total sampling time for each PMT is 190 nsec, which is
divided into 128 samples. The time dierence between the samples is 1.49 nsec, which is
almost comparable to the transit time spread (TTS) of 17-inch PMTs. Since the charge
is recorded in 10 bits of ADC channel for each sample, its accuracy is enough to check
the single photoelectron peak.
3.1.1 Time Bin Width Calibration
Clock test is used for the calibration of the time of bin width. The calibration is per-
formed for each channel at the beginning of each run. The time interval of the clock
pulse is every 25 nsec. A typical number of sampling is about 17 samples per clock pulse.
The time information for each channel is corrected by this calibration and is used for
timing correction (Sec.3.2) as Ttrigger.
*1http://www.awa.tohoku.ac.jp/~sanshiro/kinoko/
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Figure 3.1: Typical single photoelectron waveform (left), and test clock pulse (right) read
from sf-le. The vertical red lines are the analyzed peak positions of identied pulses.
The vertical sky blue lines are the start/end of the identied pulse. The horizontal blue
line is computed-baseline. In the right gure, the time interval of each clock pulse is 25
nsec, and a typical number of samples is about 17 per clock pulse.
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3.2 Time and Charge (TQ) Correction
Each PMT and electronics have dierent time-charge correlations because their gain, ca-
ble length, quantum eciency, and noise are dierent each. Correlation table \TQmap"
is originally provided by dye-laser pulse calibration, and its time variation is evaluated
with 60Co source calibration and with 40K events from PEEK material.
3.2.1 Laser Timing Calibration
Laser calibration is operated with various light intensities from the center of KamLAND
detector as Fig.3.2. The dye-laser is placed in KamLAND control room which is far from
the detector in order to prevent the electrical pulse noise on PMT signal. The laser has
500 nm green wavelength where is longer than LS adsorption point at 400 nm. The laser
light goes through optical ber and makes isotropic scintillation light via a diuser ball
installed at the center of KamLAND. A 2-inch PMT is used as a monitor of the laser
light intensity and the jitter timing.
Fig.3.3 shows the timing response of a PMT as a charge function. The tting function
T (Q)laser is,
T (Q)laser = P0 + P1  (log10Q) + P2  (log10Q)2; (3.1)
where P0, P1, and P2 are tting parameters. These tting parameters are computed
by comparing photon arrival timing of other PMTs. The selection criteria of timing
calibration are summarized in Tab.3.1.
Table 3.1: Laser calibration data selection criteria.
Event selection
ducial volume R < 6.0m
number of hit PMT  240
PMT selection
distance from focused event < 20 cm
3.2.2 Cable Extension for BLR Installation
BLR (BaseLine Restorer) was installed between PMTs and FBEs in 2009, and the signal
cable was extended. The extension cable length and delay time are summarized in
Tab.3.2. This timing oset is dened as Tcable. OD PMTs were not extended.
3.2.3 Timing Calibration with 60Co Source Run
60Co source calibration data is used in order to monitor the time-variation, which does
not mean the PMT hit timing but the changing of the corrected transit time with run
by run after the laser calibration. Actually, after the second LS purication campaign,
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Figure 3.2: Schematic view of dye-laser calibration for TQmap.
Figure 3.3: Time-charge correlation in the dye-laser timing calibration data. The
left/right gure shows a typical 17-inch/20-inch PMT [49].
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Table 3.2: Cable length and delay for BLR installation.
Channel Cable length [m] Delay [nsec]
ID 17-inch in the upper VME crates 1.92 8.4
ID 17-inch in the lower VME crates 4.43 23.4
ID 20-inch in the upper VME crates 0.44 2.4
ID 20-inch in the upper VME crates 1.50 9.9
LS properties are obviously changed. 60Co source emits isotropic 1173 keV and 1333
keV gamma-rays, and this calibration is taken regularly at intervals of two weeks. This
timing oset is dened as TCorun.
3.2.4 Timing Calibration with 40K on PEEK
During the KamLAND-Zen 400 phase, 60Co source calibration at the center of Kam-
LAND is not performed because the inner-balloon is installed there. As alternative
source of timing correction TCorun, a Poly Ether Ether Ketone pipe (PEEK) is used
(TPEEKrun ) which is a connection piece between the inner-balloon and the corrugated-
tube at the top of the chimney. A PEEK is located at (z; ) = (4.3 m, 0 m) and has a
lot of 40K events which is enough for day by day timing evaluation.
Construction of Base Function
Fitting function for hit timing distribution was originally Gaussian, and the time-
variation showed approximately three nsec uncertainty. For the better determination
and stability, it is modied by using the following 40K events which are selected as
follows:
1. Event Selection
40K event collection from PEEK position. Data taken at the start of the KamLAND-
Zen 400 is used, in which the time jitter of hit timing is negligible.
 veto muon events
 veto 2 msec after muon events
 4:2 < Z < 4:8 m
  < 0:8 m
 NsumMax > 210 hits
2. PMT classication
Common function is constructed from neighbor PMTs whose shapes are expected
to be same. All PMTs are classied into 16 groups as Tab.3.3 for 17-inch/20-inch
PMTs according to PMT z-positions.
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3. Integration of hit timing spectra
For removing the time-oset of each channel, a half maximum bin is dened as the
origin. After the alignment and rejection of lousy shape spectra, they are merged
in each group.
Table 3.3: PMT classication with its z-position for PEEK timing correction.
Z PMT entries hit entries
range 17-inch 20-inch 17-inch 20-inch
8:5  7:5 m 50 14 2:1 107 6:5 106
7:5  6:5 m 75 34 2:8 107 1:4 107
6:5  5:5 m 85 39 2:5 107 1:2 107
5:5  4:5 m 80 35 1:9 107 8:6 106
4:5  3:5 m 75 35 1:6 107 7:7 106
3:5  2:5 m 90 30 1:7 107 6:1 106
2:5  1:5 m 70 35 1:1 107 6:5 106
1:5  0:5 m 85 34 1:3 107 5:8 106
0:5   0:5 m 90 30 1:3 107 4:5 106
 0:5   1:5 m 85 35 1:1 107 5:4 106
 1:5   2:5 m 75 30 0:94 107 3:8 106
 2:5   3:5 m 85 35 1:0 107 4:6 106
 3:5   4:5 m 80 30 0:90 107 3:8 106
 4:5   5:5 m 80 35 0:82 107 4:5 106
 5:5   6:5 m 80 44 0:76 107 5:0 106
 6:5   8:5 m 140 59 1:3 107 5:9 106
The normalized base function obtained from above selections is shown in Fig.3.4.
Run by Run Fitting
TQmap is provided with 40K from PEEK part run by run after the KamLAND-Zen 400
started. Selection criteria for 40K events are same as above base function construction.
Relative timing from the base function (T ) is determined to minimize 2 for  50 - 130
nsec window as Fig.3.5. Fitting error is normally 0.1 - 0.3 nsec which is small enough.
Deviation of T from the beginning of KamLAND-Zen 400 is applied for correction table
\TQmap" as Trun. Although hit timing is stable for most of channels, the electronics
board replacement with any troubles makes 1 - 5 nsec timing shift. This run-by-run
timing calibration method is an accurate estimation which leads to improvement of
vertex stability.
3.2.5 Summarized Time Correction
Timing correction oset is dened as follows,
Toset = (Ttrigger + Tlaser + Tcable + Trun) ; (3.2)
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Figure 3.4: Hit timing base function which constructed by PEEK events. Higher position
of PMT is sharper in the function shapes [58].
Figure 3.5: Hit timing distribution with the best-t base function. Estimated relative
time is used for TQ correction [58].
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where Trun is used from the
60Co source run (TCorun) and from
40K on PEEK (TPEEKrun ) for
data analysis before and after the KamLAND-Zen 400, respectively.
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3.3 Gain Correction
The single photo-electron (1 p.e.) charge is dened by the area of 1 p.e. pulse, but
it keeps increasing from the start of KamLAND*2. To correct that time variation,
\gain.table" is prepared run by run and channel by channel. As shown in Fig.3.6, 17-inch
PMT has a clear peak of 1 p.e., but 20-inch does not because they were produced in the
early stage of development for Kamiokande experiment. 17-inch PMT gain is corrected
with its mean value of 1 p.e. peak from Gaussian tting with following selections:
 Run time  10 hours
to collecting enough data
 Muon veto
 2 msec veto after muon
 100 sec veto after all event
to avoid missing waveform
 Single peak in waveform
 120 < (Number of ID hits) < 230
for 1 p.e. selection
 Distance between PMT and event  5.6 m.
20-inch PMT gain correction is based on the relative charge from 17-inch to 20-inch
PMTs. The time variation of 1 p.e. mean value is summarized in Fig.3.7.
Gain instability and time variation are corrected with above table, but some PMT
gains are dropped o. The cause is suspected to be an electric short circuit in the bleeder
circuit and under investigation. Such PMTs are set as bad-channel (next section).
*2We do not know its certain reason and still under the investigation.
3.3. GAIN CORRECTION 67
frame17
Entries  0
Mean        0
Std Dev         0
Charge [p.e.]0 0.5 1 1.5 2 2.5 3 3.5
Ev
en
ts
 [/0
.04
 p.
e.]
1000
2000
3000
4000
5000
6000 CableA_0425
Entries  153714
Mean    1.156
Std Dev    0.4904
 / ndf 2χ  71.38 / 19
Constant  26.0±  5908 
Mean      0.002± 1.047 
Sigma     0.0027± 0.3561 
frame20
Entries  0
Mean        0
Std Dev         0
Charge [p.e.]0 0.5 1 1.5 2 2.5 3 3.5
Ev
en
ts
 [/0
.04
 p.
e.]
0
200
400
600
800
1000
1200
1400
1600
1800
2000 CableA_1494
 73701
  2.55
  2.013
Figure 3.6: Typical 1 p.e. distributions. 17-inch PMT has a clear peak, but does not
20-inch.
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3.4 Bad Channel Selection
KamLAND has a lot of PMTs, but some PMTs are unstable in a run because of
fewer hits, strange charge, and other reasons. Such bad channels are listed in \bad-
channel.table" and masked in the analysis to remove the systematic bias. Main cause
of the bad-channels are broken PMT, unstable / too higher / too less HV supply, and
miss-connection of the signal cable. Bad channel selection criteria for ID PMTs are as
follows:
 Hit rate < 600 hits in 10 000 events
To nd low response channels due to electronics failure
 No-hit rate > 1000 no-hits in 10 000 events
To nd low response channels due to HV problems
 Hit rate in high charge muon events < 80 hits in 100 high charge muon event
To nd excessively low gain channels with independent evaluation from gain cor-
rection
 Hit rate < 480 hits in 10 000 events except for muon events
To nd low responce PMTs with lower energy events
 Dierence of hit rates between A and B channel > 25% in 100 000 events
To nd electronics failure
 Too large charge dierence for high charge muon events
To nd too dierent gain compared with neighbor PMTs, where this criteria func-
tion for i-th PMT is
1
Ni
NiX
j=1
(Qi  Qj)2
Qj
> 1000 p:e:; (Qj < 0; j : neighbor not low gain PMT)
Qi is a charge of i-th PMT, and this \neighbor" is selected about 7 PMTs except
for known low/high gain PMTs evaluated by gain correction
 17-inch(20-inch) gain  0.4(0.4) or 17-inch(20-inch) gain  4.0(6.0)
To nd abnormal 1 p.e. gain computed in the gain correction process
The criterion for bad OD PMTs is only the low hit rates as
 Hit rate < 5 for energetic muon event
To nd low response channels.
Fig.3.8 shows the time variation of the number of bad channels selected by above
criteria. The number of OD PMTs are increasing because they are going dead via failure
of water proof assembly. After OD refurbishment in 2016, the number of OD PMTs are
changed from 225 to 140, and all PMTs are replaced. Unfortunately, one PMT went
dead soon after. Drastically increasing of 17-inch bad channels is mainly caused by
increasing low gain PMTs. In this anti-neutrino analysis, recent increasing bad-channel
eect is taken into account as a quenching eect.
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Figure 3.8: Time variation of the number of bad channels. Green, blue, and red lines cor-
respond to OD, 17-inch, and 20-inch respectively. After OD refurbishment, the number
of bad OD PMTs is decreased to one. 20-inch PMT turned on after run002194.
3.5 Dark Charge Estimation
PMT has an accidental noise and a dark charge via thermal electrons which are emit-
ted from photo-cathode.Since dark charge does not correlate with physical events, its
estimation is from 50 nsec o-time window while energy and vertex reconstruction takes
on-time window.
Dark charge is calculated run by run, with the following denition,
(dark charge) =
(charge sum of hit PMTs in o time window)
(the number of hit PMTs in o time window)
: (3.3)
Since dark charge is aected by detector conditions such as LS convection and temper-
ature, purication periods have higher dark charge as shown in Fig.3.9.
In vertex reconstruction process, \dark charge" of the hit PMTs are used which
is like an average. On the other hand in energy reconstruction, z-position dependent
estimation is needed because dark charge depends on KamLAND temperature. The
dierence of the temperature between the top and the bottom of KamLAND detector
is about 1.7 C. Therefore, in addition to dark charge table, \dark ring" table is also
produced which is classied to 111 groups with PMT z location.
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Figure 3.9: (a) Dark charge hit timing distribution for 17-inch PMT in a run. Green
and blue shadowed region are ontime (0 - 150 nsec) and otime window (-100 - -50 nsec)
respectively. Otime window is used for dark charge estimation. (b) Dark charge time
variation.
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3.6 Muon Track Reconstruction
Muon reconstruction is essential for KamLAND. In-coming cosmic muons in KamLAND
detector react and produce a lot of various spallation products. Such events can be used
for detector calibration, i.e.) neutron capture event for energy correction of 2.2 MeV
-ray, 12B for the estimation of the ducial volume uncertainty. Spallation products of
8He and 9Li make a mimic anti-neutrino reaction with their neutron deposit  decay
(discussed in Sec.6).
3.6.1 Muon Selection Criteria
Muon in KamLAND is classied as
1. Through going muon (scintillation muon): Q17  10000 p.e.
A muon going through inside the LS with scintillation light and Cherenkov light
emission.
2. Clipping muon: Q17  500 p.e. and N200OD  5(9) hits
A muon crossed the BO with Cherenkov light emission. Its threshold of N200OD is
changed from 5 hits to 9 hits after the OD refurbishment
where Q17 is the total charge of 17-inch PMTs, and N200OD is the maximum number of
hits in OD within 200 nsec time window. Muon can be easily identied by its large energy
deposit in KamLAND as criteria (1). Clipping muon criteria N200OD is changed after
OD refurbishment in 2016 because the number of OD PMTs, their quantum eciency,
and OD trigger are changed.
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Figure 3.10: (a) Muon selection criteria for the number of OD hit PMTs within 200 nsec
window (N200OD) and total charge of 17-inch PMTs (Q17). Black dashed line indicates
the muon selection thresholds. (b) Muon charge distribution and its classications; blue
shadowed histogram as non-showering muon, green shadowed histogram as showering
muon, and yellow shadowed histogram as miss reconstructed muon events (Badness >
100).
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The through going muon is further categorized as
 Showering muon (Q > 106 p.e.)
 Non-showering muon (Q < 106 p.e.)
by the residual charge \Q". Non-showering muon is about 90% of all muons in Kam-
LAND. Fig.3.10 - (a) shows above selection and (b) shows classication.
KamLAND is located under 1000 m overburden, corresponding to 2700 m water
equivalent. Its thick rock reduces cosmic muons in KamLAND down to about 0.34 Hz
as shown in Fig.3.11 and Fig.3.12.
Figure 3.11: Dierence time distribution between muon events. Event rate is  0.34 Hz.
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Figure 3.12: Muon rate in KamLAND. Blue points are scintillation muon rate  0.2 Hz.
Red points are all muon rate  0.34 Hz.
3.6.2 Algorithm of Muon Track Reconstruction
The track reconstruction for \through going muon" uses the arrival timing of Cherenkov
and scintillation photons on PMTs. Cherenkov photons are emitted with the constant
3.6. MUON TRACK RECONSTRUCTION 73
angle C (Cherenkov angle) which is related to the refraction index as shown in Fig.3.13
(a). Scintillation photon from muon is enough to hit all PMTs, but the earliest arrival
photon has a specic angle  (Fig.3.13 (b)). The time dierence between muon entrance
and earliest photon arrival on PMT is,
T =
l
c
+
(z   l)= cos 
c=n
(3.4)
=
z   = tan 
c
+
= sin 
c=n
; (3.5)
where l; ; , and z are as Fig.3.13 (b), n is the refraction index assuming the velocity of
muon is approximated to the velocity of light. Here, from the minimum of T calculation
at T=d = 0, the earliest photon angle is obtained as
cos  =
1
n
; (3.6)
which is exactly same as Cherenkov angle C . Refractive index n takes 1.5 - 1.65 for
\through going muon", and 1.4 - 1.5 for \clipping muon". From above, muon entrance
vertex and track direction are determined.
3.6.3 Tracking Performance
The reconstruction parameters are tuned with the measured value considering the dif-
ference track length in LS and BO. In case of a stopping muon event or multiple muon
events, the above reconstruction algorithm is not appropriate because it is for a single
muon track reconstruction. A muon which has too small charge sum for the recon-
structed track length is classied as \miss-reconstructed muon". That rate in through-
going muons is about 0.2%.
A muon which has too large charge sum for the track length is \showering muon".
It is dened by the residual charge Q > 106 [p.e.],
Q  Q17   LBO

dQ
dX

Cherenkov
  LLS

dQ
dX

Scintillation
: (3.7)
Here, (dQ=dX) is dened as
dQ
dX

Cherenkov
=
Q17
LBO
; (3.8)
dQ
dX

Scintillation
=
Q17   LBOh dQdX iCherenkov
LID
; (3.9)
whereQ17 is the total charge of 17-inch PMTs, and LBO=LS are the track length in BO/LS
respectively. (dQ=dX)Cherenkov is subtracted from (dQ=dX)Scintillation because Q17 in-
cludes Cherenkov light emission produced by LS. On the other hand, \Non-showering
muon" is dened as Q < 106 [p.e.]. The total charge of 17-inch PMTs in ID for a muon
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Figure 3.13: Schematic view of muon track with Cherenkov light and scintillation light.
(a) Cherenkov photons are emitted with Cherenkov angle C . (b) Scintillation photons
are detected by all PMTs. Earliest photon comes from the angle  corresponding to
Cherenkov angle.
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event has a linear correlation with its track length in LS and BO as Fig.3.14. Thus, the
ideal light emission per track length is obtained as
dQ
dX

Cherenkov
= 31:45 [p:e:=cm]; (3.10)
dQ
dX

Scintillation
= 629:4 [p:e:=cm]; (3.11)
from the mean of Gaussian tting with lower edge (Fig.3.15).
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Figure 3.14: Correlation between total charge in ID and the muon track length in LS
and BO, except miss-reconstructed muons.
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Figure 3.15: Normalized charge divided by reconstructed muon track length (dQ=dX).
The ideal light emission per track length is approximated by the mean of Gaussian tting
with a lower edge. Left gure is for clipping muons and right is through going muons.
Estimated values are 31.45 [p.e./cm] and 629.4 [p.e./cm], respectively.
The ideal (dQ=dX) was evaluated at the earlier KamLAND experiment. Fig.3.16 is
the time-variation for (dQ=dX)scintillation and shows that the recent KamLAND has lower
muon charge than earlier. It comes from increased bad-channels described in Sec.3.4.
This \darker" eect is considered as a quenching factor in anti-neutrino analysis.
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Figure 3.16: Time variation of the (dQ=dX)scintillation and its ideal value 629.4 [p.e./cm].
This \darker" eect from bad-channel increasing is considered in an LS quenching factor
time variation.
Fig.3.17 shows the correlation between Q17 and \impact parameter" which is the
shortest distance between reconstructed muon track and the center of KamLAND detec-
tor. It is precisely divided into LS region (through going muon) and BO region (clipping
muon) at impact parameter = 650 cm corresponding to the edge of outer-balloon.
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Figure 3.17: Correlation between the total charge of 17-inch PMTs and impact param-
eter. The horizontal pink dashed line indicates the threshold of through going muon /
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means the distance between muon track and the center of KamLAND detector.
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3.7 Event Reconstruction
3.7.1 Vertex Reconstruction
In this section, the vertex reconstruction for \point-like" event such as e is introduced.
The vertex is reconstructed by the maximum likelihood method based on the hit
timing of each PMT (ti) and their pulse shapes. Its likelihood function is dened as
L =
NhitY
i
(i(x; y; z; t)) (3.12)
, logL =
NhitX
i
log (i(x; y; z; t)); (3.13)
where (x; y; z; t) are position and time of an observed event,  is the pulse shape, and i
is the delay of signal timing for i-th PMT compared to the expectation from the position
as
i  ti   t  TOF i: (3.14)
TOF i (Time Of Flight) is calculated with the distance from PMT position and the
eective light speed in LS. Therefore, the solution of Eq.3.13 with maximum likelihood
gives the reconstructed event vertex and time as;
@(logL)
@x
=
NhitX
i
d(logL)
di
@i
@x
= 0 (3.15)
@(logL)
@y
=
NhitX
i
d(logL)
di
@i
@y
= 0 (3.16)
@(logL)
@z
=
NhitX
i
d(logL)
di
@i
@z
= 0 (3.17)
@(logL)
@t
=
NhitX
i
d(logL)
di
@i
@t
= 0: (3.18)
3.7.2 Energy Reconstruction
Visible energy in KamLAND is smaller than real energy due to the quenching eect;
where \real energy" is the Actually deposited energy from charged particles in Kam-
LAND, and \visible energy" is eectively observed one in KamLAND.
Before the energy estimation, the each PMT-charge is calibrated to suppress the time
variation of the detector response.
 Gain calibration
The single photo-electron charge is dierent in each PMT and has time-variation.
Therefore, each PMT charge is normalized with using 1 p.e. peak channel by
channel and run by run (Sec.3.3).
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 Bad channel selection
No good channels for analysis are masked whose selection criteria are described in
Sec.3.4.
 Software discriminator threshold
For the care of noise or unexpected dark hit of PMT, software charge threshold is
set at 0.3 p.e.
 Dark hit subtraction
PMT charge always includes dark charge (Sec.3.5). Since the dark charge depends
on the temperature or detector conditions, it becomes high during the purication
campaign. This dark charge is subtracted with the estimation from o time window
of hit timing distribution as Fig.3.9.
Basic correction
 Shadow eect
The charge which is from bottom PMTs or chimney PMTs is eectively darker
because the balloon lm and Kevlar ropes make a shadow for light traveling. This
systematic eect is calibrated with 60Co source run at the center of the detector
as shown in Fig.3.18.
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Figure 3.18: Shadow eect correction from the balloon and kevlar ropes with 60Co source
run.
 Attenuation length
Light yield estimation has to be considered with the attenuation length in Kam-
LAND because of the adsorption and re-emission eect. It needs to estimate the
eective attenuation length with changing LS components: before 1st purication,
between 1st-2nd purications, and after 2nd purication periods.
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Attenuation length is estimated with the observed charge at i-th PMT and dis-
tance from the event vertex. Fig.3.19 illustrates a schematic of attenuation length
estimation for i-th PMT, with using spallation neutron capture events. The pho-
ton collection area is within 42.9 cm diameter of perpendicular cylinder from each
17-inch PMTs, in order to avoid the solid angle eect on the charge. Estimated
eective attenuation length in three periods are summarized in Fig.3.20 [59].
i-th PMT
LS
BO
× ×
×
×
×
×
×
p(n, γ)d
×
17-inch PMT
42.9 cm
Distance |x|
BO
(200 cm)
LS
(1300 cm)
Figure 3.19: Schematic view of attenuation length estimation.
 Single photo-electron eciency
Since the single photo-electron ineciency causes the non-linearity invisible energy,
its ineciency estimation is needed. The average number of photo-electrons for
j-th PMT is computed with using the expected charge,
j =
PMTX
i
Qobservedi 
Qexpected;no th:jPPMT
i Q
expected; no th:
i
; (3.19)
where Qexpected; no th:j is the preliminary expected charge in no threshold case.
With considering the detection eciency of single photo-electron , observation
probabilities of 0-p.e., 1-p.e., and N -p.e.(N  2) at i-th PMT can be written for
3.7. EVENT RECONSTRUCTION 81
!"#$%&'()*+,-)./0)1'-2
344 544 644 744 8444 8344 8544
944
744
:44
644
;44
544
<44
/
(
%
&
)=
,
++
(
'
$(
>
)=
?
%
+@
(
)1
A
B(
B2
C(*,+()8#$)AD+"*"'%$",&
%*$(+)8#$)AD+"*"'%$",&
%*$(+)3&>)AD+"*"'%$",&
E4)F)989B8)G)6B:)AB(B
E4)F)7:4B5)G)7B<)AB(B
E4)F):7;B9)G)85B;)AB(B
H4)F)36B9)G)8B<)-
H4)F)38B3)G)8B8)-
H4)F)87B4)G)8B6)-
*IJK)F)E4)(JAILJMH4K
Figure 3.20: Eective attenuation length in LS with using spallation neutron events. The
initial charge (Q0) and the attenuation length (L0) are obtained from the tting with
the exponential function. Parameters are estimated with each LS component dierent
period.
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Poisson statistics as
Pi(0) = e
 i + (1  )  i  e i
= e i  [1 + (1  )  i] ; (3.20)
Pi(1) =   i  e i ; (3.21)
Pi(m) =
(i)
m
m!
e i (for m  2); (3.22)
where P (m) represents the probability of m photo-electrons. The expected charge
is given with sum of charges,
Qexpectedi = qi(1)  Pi(1) +
X
m2
fqi(m)  Pi(m)g ; (3.23)
and it is in no threshold case,X
m1
fqi(m)  Pi(m)g = i  q(1 p:e:)  Qexpected no th:i ; (3.24)
where q(1 p:e:) is the mean charge of single photo-electron distribution without
threshold eect. Here, the threshold eect with such single photo-electron distri-
bution is applied on the Eq.3.23,
Qexpectedi = i  q(1 p:e:)   i  e i  q(1 p:e:) + qi(1)    e i (3.25)
= i  q(1 p:e:) 
"
1  e i + qi(1)
q(1 p:e:)

#
; (3.26)
where qi(1) is determined by the mean loss charge qloss under the threshold, from
the following relationship,
q(1 p:e:) = qi(1 p:e:)  + qloss  (1  ): (3.27)
Hence, the expected charge and single photo-electron ineciency of i-th PMT are
computed as
Qexpectedi = Q
expected no th:
i  (1  e i); (3.28)
  qloss
q(1 p:e:)
(1  ): (3.29)
The parameter  is determined to 0.03 by using the source calibration data; 60Co
(2, 1.173 + 1.333 MeV) and 65Zn (, 1.116 MeV).
Combination of 20-inch PMTs
20-inch PMTs are used from February 27th, 2003, which have no clear single photo-
electron peak. Since their charge-energy linearity is dierent from 17-inch one, the visible
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energy from 20-inch PMTs is calibrated with 17-inch PMTs. Therefore, combined visible
energy can be written as
Evis = (1  )  E17inch +   E20inch; (3.30)
where  is the combining factor. From the source calibration of 203Hg, 137Cs, 68Ge, 65Zn,
and 60Co, that factor  is estimated to 0.3 (Fig.3.21) and non-linearity is suppressed to
within 0.6% (Fig.3.22).
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Figure 3.21: The combined energy resolution as a function of the combining factor .
Yellow shadowed width line shows the best-optimized parameter 0.3.
Algorithm of Energy Reconstruction
The visible energy reconstruction is based on the hit, time, and charge information of
each PMT with the maximum likelihood method for each probability density function
(PDF). Its likelihood function is
L =
Nno-hitY
i
P (no-hitji) 
NhitY
i
P (hitji)  P (qiji)  (tiji)
=
Nno-hitY
i
i; j=0(~RPMTi ;
~Rsource; Evis)

NhitY
i
24 1X
j=1
i; j(~RPMTi ;
~Rsource; Evis)  fi; j(qi)
35  i(tiji); (3.31)
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Figure 3.22: 17-inch and 20-inch PMT combined energy linearity checking as a function
of 17-inch PMT energy. Veried isotopes are calibration sources (203Hg, 137Cs, 68Ge,
65Zn and 60Co) for lower energy, and spallation product 12B for higher energy region.
where
i;j =
(
i  e i = [1 + (1  )  i]  e i (j = 0; no-hit)
(i)
j
j!  e i (j > 0; hit)
; (3.32)
i = (const)  Evis  
ei(~RPMTi ; ~Rsource) + di
 bi(~RPMTi ; ~Rsource)  Evis + di: (3.33)
Here, i represents the (no-)hit PMT number, j represents actual photon number, i
is the expected number of photons including the basic correction parameters, and qi
is the observed charge. The PDFs of i-th PMT with hit information; P (no-hitji) and
P (hitji), are denoted with i; j given by the Poisson distribution. Single photo-electron
threshold eect is assigned as i and its detection eciency with 0.3 p.e. threshold is
as  = 0:964. di means the dark hit probability estimated with T = 192 + 175 nsec
ontime/otime windows. 
e is the eective solid angle, including the PMT quantum
eciency, the attenuation eect, and the shadow eect. fi; j(qi) shows the charge PDF
given by i, and i(tiji) is the hit timing PDF for i-th PMT.
The PDF of charge distribution is given by the Poisson and Gaussian combined
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model distribution as
1X
j=1
i; j  fi; j =
1X
j=1
()j
j!
e i  1p
2j2
e
  (qi j)
2
2j2 (3.34)
=

(1  ie i)
 
24 1X
j=1
1
1  ie i
(i)
j
j!
1p
2j2
e
  (qi j)
2
2j2
35 (3.35)
 (1  ie i)  li; (3.36)
where  = 0:39 is the sigma of single photo-electron distribution. The rst term in
Eq.3.35 is the hit term, and the second term ( li) is charge term. This model replicates
to the calibration data. The time PDF is dened as
i(tiji) = bi  i(ti)  Evis + diR +192 nsec
 175 nsec (bi  Evis +di)  dti
=
bi  i(ti)  Evis + di
i
; (3.37)
where i(ti) is real pulse shape function for given vertex and Evis, bi  i(ti)  Evis + di
is actual pulse shape function, and di represents di in unit time (di = di T ).
From the above denitions, likelihood function (Eq.3.31) becomes in each term as
Ljno-hit =
no-hitY
i=1
ie
 i (3.38)
Ljhit =
hitY
i=1
(1  ie i) (3.39)
Ljcharge =
hitY
i=1
1X
j=1
1
1  ie i
(i)
j
j!
1p
2j2
e
  (qi j)
2
2j2
=
hitY
i=1
li (3.40)
Ljtime =
hitY
i=1
bi  i(ti)  Evis + di
i
: (3.41)
The optimistic energy is searched from obtained likelihood function with
@(logL)
@E
= 0: (3.42)
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The rst derivative of log-likelihood function for each term is written as
@(logL)
@E

no-hit
=  
no-hitX
i=1
bi  [i   (1  )]
i
; (3.43)
@(logL)
@E

hit
=
hitX
i=1
bi  [i   (1  )]
i
; (3.44)
@(logL)
@E

charge
=
hitX
i=1
bi  @(log li)
@i
; (3.45)
@(logL)
@E

time
=
hitX
i=1
bi  di  ( i   1)
(bi   i  Evis + di)  i ; (3.46)
where  i = i(ti) T . The numerical calculation is arrowed for charge term only. At
low energy, other terms work eectively while charge term does at high energy. Their
superiorities are summarized in Tab.3.4. Furthermore, the solution of Eq.3.42 is given
with modied Newton-Raphson method [60],
Evis =

@ logL
@E

@2 logL
@E2

: (3.47)
The visible energy Evis is reconstructed by summing up Evis.
Table 3.4: Superiority of each term in log-likelihood function at low energy and at high
energy.
Term Low energy High energy
no-hit large, negative small
hit large, positive small
charge small relatively large
time signicant correction small
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3.8 Vertex and Energy Calibration
Reconstructed qualities for vertex and energy are monitored by various source calibra-
tions. In this section, their qualities are checked.
3.8.1 Vertex Reconstruction Quality
Here, vertex bias, resolution, and miss reconstruction probability are discussed.
Vertex Bias
Vertex bias is veried with z-axis source calibrations and within  3.0 cm before pu-
rication and  5.0 cm after purication. Fig.3.23 shows the vertex deviations between
reconstructed z position and expected various source positions, and its time variation
with 60Co center position data is drawn in Fig.3.24. After the start of KamLAND-Zen
400, its stability is checked with spallation product events (Sec.4.3).
Vertex Resolution
The vertex resolution is estimated with comparing between the Geant4 [61] simulation
and the calibration data as Fig.3.25. Obtained resolutions are shown in Fig.3.26 and
summarised as
 Before purication (17-inch PMTs) : 13.1  2.1 cm / pE MeV
 Before purication (17-inch + 20-inch PMTs) : 11.7  2.2 cm / pE MeV
 After purication (17-inch PMTs) : 15.3  2.5 cm / pE MeV
 After purication (17-inch + 20-inch PMTs) : 13.8  2.3 cm / pE MeV
After the start of KamLAND-Zen 400, the increasing number of bad-channels as de-
scribed in Sec.3.4 is applied as quenching factor, thus
p
E !pE  (quenching factor).
Miss Reconstruction
The miss reconstruction probability is estimated from the 60Co source calibration event
N
60Co and background events NBG as follow:
P =
N
60Co(for R > Rcut) NBG(for R > Rcut)
N 60Co  NBG ; (3.48)
where R is the distance between the source position and reconstructed position, Rcut
is the attenuation length of 60Co gamma-rays. From Fig.3.27, the expected miss recon-
struction probability is suppressed within 0.2% [59].
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Figure 3.23: Vertex deviations between reconstructed z position and expected source
position before/after purication. Figure is adopted from [59]
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Figure 3.24: Time variation of vertex deviation between reconstructed z position and
60Co source at z = 0 [59].
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Figure 3.25: Radius distribution of various source calibration and simulation data [59].
The red solid line represents the best-t vertex resolution.
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Figure 3.26: Vertex resolution for various source calibration, as a function of visible
energy in KamLAND [59]. Black solid line is the best t resolution curve and blue
shadowed region represents its error range.
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Figure 3.27: Miss reconstruction probability with 60Co event before/after purication.
Upper gures are the distance distribution and lower gures are miss reconstruction
probabilities.
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3.8.2 Energy Reconstruction Quality
Here, energy reconstruction quality check with source calibration data is discussed. Each
energy spectrum of source calibration is shown in Fig.3.28. Furthermore, spallation
studies are operated for checking after the KamLAND-Zen 400 started (Sec.4.2).
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Figure 3.28: Visible energy spectrum for various source calibration data before/after
purication [59]. Blue line is 17-inch PMT data, and red line is 20-inch combined data.
Energy Deviation
The energy deviation is estimated by the various source calibration data at the center
of the detector as shown in Fig.3.29, and its time variation is less than 1.5%.
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Figure 3.29: Time variation of energy deviation with various source calibrations at the
center of the detector [59].
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Energy Resolution
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Figure 3.30: Time variation of estimated energy resolution with various source calibra-
tion [59].
Energy resolution is also estimated from the various source calibration data, and
its time variation is shown in Fig.3.30. In short, the energy resolutions before/after
purication are estimated as
 Before purif. (17-inch PMTs) : 7.0  0.1 pE MeV
 Before purif. (17-inch + 20-inch PMTs) : 6.1  0.1 pE MeV
 After purif. (17-inch PMTs) : 8.2  0.1 pE MeV
 After purif. (17-inch + 20-inch PMTs) : 7.0  0.1 pE MeV
On the other hand, after the KamLAND-Zen 400 started when no source calibration
data, the energy resolution includes the quenching factor with increase of bad-channels
as
p
E !pE  (quenching factor).
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3.8.3 Overall Energy Parameters
Followings also have to be concerned in KamLAND;
 Cherenkov light
Although the visible energy in KamLAND is dominantly from scintillation light
emission of LS, Cherenkov light emission also has some contribution. Cherenkov
light wavelength is in LS adsorption length, that is, its contributions cannot be
estimated directly.
 Quenching
The number of emission photons is proportional to particle deposit energy in the
rst order, but the charged particle has non-negligible ionization \quenching ef-
fect". Its eect is estimated with Birk's formula [62]
dL
dx
=
L0
 
dE
dx

1 + kB
 
dE
dx
 ; (3.49)
where dL=dx is the emission light intensity per unit length and kB is the Birk's
constant parameter for each ionization particles such as alpha-particle.
 Dark hit subtraction
As described in Sec.3.5, dark charges of each PMT are subtracted run by run.
The visible energy depends on real energy and particle type. This comprehensive
study of energy scale is conducted by T.Mitui [63], who sketch core concepts and more
details. For summarizing above parameters, the visible energy model is written as
Evis = CcheEche(kB) + CsciEsci(kB) + Edark=n ; (3.50)
where kB, Csci, Cche, and Edark are parameters. n is the number of gamma-rays. Those
parameters are determined by using Geant4 simulation tool kit [61], and followings are
the sources:
 -ray sources;
203Hg, 137Cs, 68Ge, 60Co, spallation neutron capture on proton, and spallation
neutron capture on 12C
 Positron sources; 10C and 11C
 Electron source; 12B
Each energy scale parameters are summarized in Fig.3.31, where the gure of before/after
purication is from [64]/[54].
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(a) Before Purication
(b) After Purication
Figure 3.31: Energy scale of before and after purication.
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3.8.4 Run by Run Energy Calibration
Although the energy correction is based on the various source calibration runs, the run
by run correction is also applied for after the purication with the spallation neutron
events which is induced by muon and captured on proton with 2.2 MeV gamma-ray
emission. Run by run correction procedure is
1. Spallation neutron event collection
Spallation neutron events are collected after 600 - 1000 sec from muon event as
a ontime window and after 2800 - 4000 sec as a otime window.
2. Otime subtraction from ontime
The energy spectrum of otime window subtracts from one of ontime window.
3. Estimation of the energy mean value of spallation neutron capture gamma-ray
Obtained energy spectrum is tted with the Gaussian.
4. Tuning run by run
Energy correction table is produced run by run, based on the estimated energy
mean value as 2.2 MeV.
Detail of spallation neutron selection and Gaussian tting are described in Sec.4.2. The
time variation of tted mean value is shown in Fig.3.32. This run by run energy correc-
tion is applied after the purication campaign because the property of LS was changed
at the timing of purication, and the source calibration was enough performed before
purication period.
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Figure 3.32: Time variation of visible energy of spallation neutron capture gamma-ray
after purication campaign.
Chapter 4
Detector Study
In this chapter, the overview of anti-neutrino selection, basic unphysical cut selection,
and detector related studies are described.
4.1 Unphysical Events Cut
KamLAND raw data includes unphysical events, so-called asher events and ringing
events as Fig.4.1. Basic event selection removes such unphysical events before the anal-
ysis.
Muon selections in Fig.4.1 are
1. OD Muon
the number of hits in OD  5 hits (9 hits for after OD refurbishment)
2. ID Muon
the brightness event (total charge of 17inch PMTs  106 p.e.).
4.1.1 Flasher Cut
Flasher event is strong light emission from PMTs due to discharge in dynode. It corre-
sponds approximately 20 MeV energy event. Typical usher event selection criteria are
the followings:
 Total charge in ID ( QID)  2500 p.e.
 (Maximum single-PMT charge / QID)  0.6
 Mean charge of the neighbor PMTs of asher PMT  20 p.e.
 Not a muon event
and are clearly separated from regular events as shown in Fig.4.2.
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4.1. UNPHYSICAL EVENTS CUT 99
4.1.2 Ringing Event Cut
After the KamFEE upgrade in 2003, fake muon events appeared. Ringing eect in Kam-
FEE baseline after muon event causes these events, and can be rejected by Tfrom muon <
1 sec and Nhit > 600 hits cut as Fig.4.3.
Figure 4.3: Time dierence distribution from last muon event. Ringing events are
Tfrom muon < 1 sec and Nhit > 600 hits. The vertical green line represents the ringing
cut threshold of Tfrom muon < 1 sec.
4.1.3 Spallation Cut
Cosmic muons induce various spallation products in KamLAND as Tab.4.1 and neutrons
which can make a mimic IBD. Some muons stop in KamLAND and decay with electron
emission after 2.2 sec (Michel electron). To avoid such cosmic muon related background
contamination, following cuts are applied after each muon event:
 For low charge muon (Q17 < 40 000 p.e.)
whole volume 2 msec veto
 High energy muon (Q17 > 40 000 p.e. and Q > 106 p.e.)
whole volume 2 sec veto
 Bad-reconstructed muon (Q17 > 40 000 p.e. and bad reconstructed)
whole volume 2 sec veto
 Good-reconstructed muon (Q17 > 40 000 p.e. and good reconstructed)
whole volume 2 msec and 300 cm cylinder veto from muon track for the delayed
event
where Q17 is a total charge of all 17-inch PMTs, and Q is a residual charge. Fig.4.4
shows the schematic view of 300 cm cylinder cut for non-showering muon.
Above cuts are primarily applied for physical data analysis.
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Table 4.1: Spallation products in KamLAND.
Isotope Lifetime Q value [MeV] Mode Rateproduction [evt/day/kton]
Hagner et al. [65] Measurement [66]
12B 29.1 msec 13.4   - 58.7  2.5
12N 15.9 msec 17.3 + - 2.1  0.4
8Li 1.21 sec 16.0   5 27.3  0.8
8B 1.11 sec 18.0 + 8 < 4.7
9C 182.5 msec 16.5 + 5.5 7.4  2.9
8He/9Li 171.7/257.2 msec 10.7/13.6  n 2.4 2.7  0.8
11C 29.4 msec 1.98 + 1039 1093  176
10C 27.8 sec 3.65 + 139 21.6  2.7
11Be 19.9 sec 11.5   < 2.4 < 2.2
6He 1.16 sec 3.51   19 -
7Be 76.9 day 0.478 EC,  231 -
non-showering muon
3 m cylinder
Figure 4.4: Schematic of 300 cm cylinder cut for non-showering muon.
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4.2 Energy Scale
In this section, KamLAND energy stability and uncertainty are introduced after the
selection of some useful spallation products.
4.2.1 Selection Criteria of Spallation Products
For the detector related uncertainty estimations, spallation products which are uniform
and high statistics events are useful.
Selection of Spallation Neutron
In KamLAND, 0.34 Hz cosmic muon makes various spallation products and neutrons
which are captured by proton and emit 2.2 MeV gamma-rays. Such a lot of well-known
events are useful for detector energy/vertex calibrations. As described in Chap.3, run
by run energy correction table is produced by this spallation neutron capture gamma-
ray. However, KamLAND has a lot of missing waveform events soon after such cosmic
muons (Fig.4.5). Energy correction table production uses 600 - 1000 sec after muon
event because it needs a lot of events in a run, but that selection still has missing
waveforms. On the other hand, for the detector study in this section, 1200 - 1600 sec
after muon is used where has approximately 1% of missing waveforms.
The selection criteria for spallation neutron capture events are the followings:
 Not asher event
 Nhit17  NsumMax: cut missing waveform event
 Select ducial volume: R < 550 cm
 Zen volume veto: cut R < 250 cm and  < 250 cm for upper sphere
 After muon event
 1200 - 1600 sec after muon as ontime window for detector stability check
 2800 - 4000 sec after muon as otime window
Fig.4.6 shows an example of the energy spectrum of spallation neutron event with ontime
- otime subtraction. It has a clear 2.2 MeV energy peak.
Selection of 8He/9Li
8He (Q = 10.7 MeV,  = 171.7 msec) and 9Li (Q = 13.6 MeV,  = 257.2 msec), which
are muon induced spallation products, are useful for delayed coincidence quality check
because they emit beta-ray and neutron. Of course, they are also background for anti-
neutrino events.
The selection criteria for 8He/9Li are the followings:
102 CHAPTER 4. DETECTOR STUDY
sec]µdT [
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
se
c]
µ
Ev
en
ts
 [/1
0.0
0 
210
310
410
510
(a) Delta T distribution
sec]µTime from muon [
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
M
is
si
ng
 W
av
ef
or
m
 R
at
io
 [%
]
0
5
10
15
20
25
(b) Missing waveform event ratio
Figure 4.5: (a) The distribution of spallation neutron capture event as a function of T
from muon. The blue shadowed histogram is spallation neutron event. (b) The ratio of
missing waveform event in spallation neutron captures.
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Figure 4.6: Energy spectrum of spallation neutron with ontime - otime subtraction.
 Not asher event
 Select ducial volume: R < 550 cm
 KamLAND-Zen volume veto: cut R < 250 cm and  < 250 cm for upper hemi-
sphere
 Delayed coincidence event selection after muon event
Selection of 12B/12N
For detector related uncertainty evaluation, muon induced spallation products 12B (Q
= 13.4 MeV,  = 29.1 msec) and 12N (Q = 17.3 MeV,  = 15.9 msec) are used. These
energy spectrum shapes are shown in Fig.4.7. Two sources are not distinguished in
this analysis because of their close lifetimes and energies. The selection criteria are the
followings:
 Energy > 4 MeV
 Not asher event
 Select ducial volume: R < 550 cm
 Zen volume veto: cut R < 250 cm and  < 250 cm for upper sphere
 2 - 60 msec after muon as ontime window
 502 - 560 msec after muon as otime window
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Fig.4.8 shows the 12B/12N energy spectra with ontime, otime, and subtracted ones.
Fig.4.9 shows the 12B/12N vertex distributions in each period. They are uniform events
in KamLAND at all periods and can be used for the estimation of detector uncertainty.
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Figure 4.7: 12B and 12N visible energy spectrum in KamLAND including the energy
resolution. Each spectrum is normalized.
Figure 4.8: Energy spectrum of 12B / 12N (blue line). Orange and grey shadowed
regions are ontime and otime energy spectra. The blue line shows the subtracted
energy spectrum and is used for analysis.
For the energy scalability estimation, beta/gamma spectrum is tted with the sample
spectrum generated by MC considering the detector energy resolution as Fig.4.10.
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(a) before 1st purication (b) after 2nd purication
(c) KamLAND-Zen 400 phase (d) After OD refurbishment
Figure 4.9: 12B/12N vertex distributions in (a) before the rst purication period, (b)
after the second purication period, (c) KamLAND-Zen 400 phase, and (d) after the OD
refurbishment. The purication periods and other short periods are not drawn. Black
dashed lines indicate the radius of 550 cm, 600 cm, and 650 cm lines. In gure (c),
KamLAND-Zen volume cut is applied as R < 250 cm inner cut and  < 250 cm cylinder
cut for the upper hemisphere. Other periods are not applied it.
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Figure 4.10: A example of energy spectra tting with spallation 12B / 12N (red line).
Green shadowed histogram is 12B, and yellow is 12N. Blue points show the data.
Michel Electron
Electrons from decay muon ( = 2:2 sec), so-called \Michel electron", are useful energy
calibration source for the low energy detectors because of its  50 MeV dropped o
characteristic energy spectrum (Fig.4.11),
dN
dEe
=
G2F
123
m2E
2
e

3  4Ee
m

: (4.1)
However, in KamLAND, use of the Michel electrons is dicult for detector calibra-
tion. Muons in KamLAND make too bright scintillation light; therefore, KamLAND
electronics boards miss most of their waveforms at muon decay time.
4.2.2 Energy Stability
Time Variation
Although the energy scale in KamLAND is already discussed in Sec.3.8, long time en-
ergy time variation should be veried. Regularly 60Co source calibration is useful for
the estimation of time-variation of energy uncertainty. However after KamLAND-Zen
400 started with inner-balloon installation at the center of the detector, 60Co source
calibration could not be operated. Hence, its uncertainty is estimated with some spal-
lation products. For checking the energy stability in each period, data set is roughly
divided into ve periods: (i) before the rst purication, (ii) during/between purica-
tions, (iii) after the second purication, (iv) KamLAND-Zen 400 phase, and (v) after
OD refurbishment works.
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Figure 4.11: Energy spectrum of Michel electrum with each Michel parameters [67].
Fig.4.12 shows the energy deviations with various spallation products:
 (a) is a time variation with 2.211 MeV visible energy from the spallation neutron
capture on a proton. Ontime window selects 1200 - 1600 sec after muon event to
suppress the missing waveform event contamination.
 (b) is a time variation with 2.2 MeV of delayed event for spallation 8He / 9Li
delayed coincidence event.
 (c) is a time variation with approximately 10 MeV of beta/gamma-ray from spal-
lation 12B/12N.
The period before the rst purication has brighter than after, and the one after OD
works has larger error because of its fewer statistics. Each time deviation shows within
2% of the uncertainty of the energy stability.
Energy Position Dependence
Energy position dependency is precisely measured by 4-calibration as described in
Sec.3.8. Here, its time-variation is checked with spallation neutron capture event in each
roughly divided period.
Fig.4.13 shows the energy radius deviations in each period by using the spallation
neutron capture event. Here, ontime window for spallation neutron capture is 1200 -
1600 sec after muon event in order to suppress the missing waveform eect. Energy
deviations with radius dependence are within  1% in each period. In outer than radius
600 cm, its deviation is large as approximately 2%.
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(a) Spallation neutron capture
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(b) 8He/9Li delayed event
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(c) 12B/12N beta spectrum
Figure 4.12: Energy deviation in each period with various spallation products. The
horizontal axis is the date, and the vertical shadowed regions show 1st/2nd purication
campaign, inner-balloon installation works for KamLAND-Zen 400, and OD refurbish-
ment campaign. The vertical axis indicates the energy deviation from the spallation
neutron capture 2.211 MeV. Horizontal grey shadowed region corresponds to  1% en-
ergy deviation range.
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(a) Before rst purication (b) After second purication
(c) KamLAND-Zen 400 phase (d) After OD refurbishment
Figure 4.13: Energy deviations of spallation neutron capture with radius dependence
in each period. X-axis is the distance from the center of KamLAND and Y-axis is
the energy deviation. Horizontal grey shadowed region corresponds to  1% deviation.
Vertical red dashed lines are radius 250 cm and 550 cm, where are ducial radius cut
region.
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Energy Time Variation Uncertainty
The uncertainties of disscussed above are summarized as
(time; pos) =
p
1%2 + 2%2 = 2:24%: (4.2)
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4.3 Fiducial Volume
Although the KamLAND outer balloon is about 650 cm radius lled with LS, a lot of
background contamination in the outer region suppresses the ducial volume. Back-
ground studies are described in Chap.6. Some external sources produce 2.2 MeV events
which contaminate in the delayed-coincidence for anti-neutrino selection. This Super-
nova Relic Neutrino study chooses 550 cm radius as a ducial volume.
The total LS volume is 1171  25 m3 measured by a ow meter during the LS
lling at the start of detector construction. Here, the ducial volume uncertainty and
its stability are described.
Uncertainty Estimation from 4 Calibration
The ducial volume uncertainty is precisely estimated by the 4-calibration data (Chap.3.8)
as
(syst: calib) = 1:6% (4.3)
for the before purication period [59]. On the other hand, for the after purication
periods, the dierence of event ratio between in all volume and in ducial volume from
before purication is used.
Uncertainty from Spallation Events
The ducial volume uncertainties for after purication periods are estimated by 12B/12N
events which are muon induced uniform events in KamLAND. The event ratio between
in all volume and in ducial volume is dened as
R  NFV
NALL
; (4.4)
where NFV(ALL) is the number of
12B/12N events in ducial volume (all volume). Its
time variation is shown in Fig.4.14. The event ratio for before purication period and
its statistical error are calculated with binomially as
Rbefore purif: = 0:58 0:0025: (4.5)
Then, the uncertainty for after purication periods is estimated by the dierence of its
ratio from before purication,
(stat: dev from before purif:) 
kRafter purif:  Rbefore purif:k
Rbefore purif:
; (4.6)
where Rafter purif: = 0:587 0:002 is the event ratio for after purication period. Hence
the uncertainty from the event ratio dierence is
(stat: dev from before purif:) = 2:17%: (4.7)
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Figure 4.14: The ratio of the number of 12B/12N events between within 550 cm radius
volume and all volume.
The systematic uncertainty for after purication is from the total LS volume decreas-
ing. By using the ow meter measurement, the uncertainty of decreased LS volume is
estimated as 16 m3 LS lost corresponding to 1.4% uncertainty.
Besides, for after purication period, the systematic uncertainty of 12B/12N selection
has to be considered. Since the LS light yield becomes darker after purication as already
described, the energy threshold for 12B/12N selection (E > 4 MeV) has 0.7% uncertainty.
Energy vertex bias is estimated with 8He/9Li delayed coincidence events (shown
in Fig.4.15) which are neutron emitter. The uncertainty from energy vertex bias is
conservatively 3 cm for 550 cm radius ducial volume corresponding to 0.545%.
The systematic uncertainty from 12B/12N selection and LS volume decreasing is
(syst:) =
p
0:0142 + 0:0072 + 0:005452 = 1:66%: (4.8)
Balloon Edge Estimation with Various Sources
The ducial volume is stable with time variation as already shown in Fig.4.14. This
section checks the stability of balloon edge.
There are a lot of various radioactivities on balloon surface, such as 210Bi and 40K.
KamLAND balloon edge position can be estimated from those sources as Fig.4.16. Se-
lection criteria are:
 simply single event selection
 muon veto (not muon event, 2 msec whole volume veto after muon)
 asher cut
 energy cut
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Figure 4.15: Energy dependence vertex bias by using 8He/9Li delayed coincidence events
for after purication period. Rneutron is the vertex of delayed neutron captured event,
and Raverage is the mean vertex of prompt-delayed events. Vertical dashed lines corre-
spond to 550 cm radius and 600 cm radius position. Horizontal grey shadowed region
indicates  3 cm dierence.
{ 0.9 - 1.2 MeV for 210Bi
{ 1.2 - 1.6 MeV for 40K
The balloon edge position deviations are shown in Fig.4.17 and its position is stable.
These time variations are enough small to neglect for the ducial volume uncertainty.
High Energy Vertex Correction
For higher energy event, its vertex is reconstructed at slightly inner of KamLAND than
its real position due to its brightness charge. Here, fast neutron event is useful for the
vertex correction which has a at energy spectrum and exists near the balloon surface.
Its selection criteria are described in Sec.6.3. Vertex correction factor (f(E)) depends
on the energy as
g(E) = f 1(E) = f[p1]  exp ([p1]  E) + [p2]g =[p3]; (4.9)
where [p0]  [p2] are parameters as
p0 = 55:18
p1 =  0:0509
p2 = 613:3
p3 = 650:0
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Figure 4.16: Event distribution with 40K and 210Bi events for KamLAND balloon edge
estimation. Since the buer-oil has no scintillation, the visible vertex is close to inner of
detector, if futher vertex correction is applied. For this reason, the tted mean values
are not 650 cm.
obtained from the fast neutron event vertex tting with function (g(E)) as Fig.4.18.
This vertex correction is applied for all higher energy event with Evis > 7:5 MeV.
Uncertainty from Vertex Correction
In the higher energy region, vertex bias from the vertex correction should be concerned.
Fig.4.19 shows 20 - 30 MeV fast neutron event radius distribution. Fast neutrons exist
near the balloon surface. Vertex uncertainty at 20 - 30 MeV is estimated from this
Gaussian tting result as 0:0044=0:9761  100 = 0:451%. Therefore, ducial volume
uncertainty from the higher energy vertex correction is 0.09%, considering (R=650)3.
Summary of Fiducial Volume Uncertainty
For the before purication, the uncertainty is determined by the 4-calibration and the
higher energy vertex correction, which is 1.6%. For the after purication, systematic
and statistic uncertainty of 12B/12N event deviation are added as
after purif: =
p
0:0162 + 0:02172 + 0:01662 + 0:00092 = 3:26%: (4.10)
Finally, the ducial volume uncertainties are summarized in Tab.4.2.
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(b) 210Bi
Figure 4.17: Time variation of balloon edge deviation estimated by 40K and 210Bi events.
X-axis is date and Y-axis is the vertex deviation from the mean vertex of each source.
Horizontal grey shadowed region represent 2.5 cm deviation. Vertical shadowed regions
are 1st/2nd purications, inner-balloon installation for KamLAND-Zen 400, and OD
refurbishment campaign.
Table 4.2: Summary of the ducial volume uncertainty. For the before purication pe-
riod, the uncertainty comes from the 4-calibration data. For the after purication, the
uncertainty includes time-variation eects estimated with various spallation products.
period ducial volume uncertainty
before purif. 1.6%
after purif. 3.26%
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Figure 4.18: Energy and vertex correlation for the estimation of high energy event vertex
correction with fast neutron events. The mean value of vertex distribution in each energy
bin is corrected to balloon surface position.
Figure 4.19: Radius dependence of fast neutron event with 20 - 30 MeV prompt energy
selection.
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4.4 Radioactive Impurities
In this section, the estimation methods of radioactivities in KamLAND such as 238U,
232Th, and 40K are described.
4.4.1 238U Series
The concentration of 238U is estimated from the 214Bi - 214Po delayed coincidence method
(Sec.5.2.2) as
214Bi
T1=2=19:9 min                !
Q=3:272 MeV; 99:989%
214Po
T1=2=164:3 sec          !
Q=7:687 MeV
210Pb:
Its selection criteria are shown in Tab.4.3. In order to avoid 212Bi-Po event contamina-
tion, the lower time window cut (T > 5) is assigned.
Table 4.3: 214Bi - 214Po event selection.
type selection
prompt energy (Ep) 0:35 < Ep < 3:5 MeV
delayed energy (Ed) 0:35 < Ed < 0:8 MeV
space correlation (R) R < 120 cm
time correlation (T ) 5 < T < 1200 sec
o time window 1205 < T < 2400 sec
ducial cut Rd < 400 cm
4.4.2 232Th Series
The concentration of 232Th is estimated from the 212Bi - 212Po delayed coincidence
method as
212Bi
T1=2=60:55 min               !
Q=2:254 MeV; 64:06%
212Po
T1=2=299 nsec          !
Q=78:784 MeV
208Pb:
Its selection criteria are shown in Tab.4.4. Due to the 300 nsec dead-time from the
previous event, T > 0:4 sec is assigned.
Table 4.4: 212Bi - 212Po event selection.
type selection
prompt energy (Ep) 0:35 < Ep < 2:5 MeV
delayed energy (Ed) 0:5 < Ed < 1:0 MeV
space correlation (R) R < 100 cm
time correlation (T ) 0:4 < T < 2:5 sec
o time window 2:9 < T < 5:0 sec
ducial cut Rd < 400 cm
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4.4.3 Other Low Energy Radioactivities
The dominant backgrounds at low energy are radioactive noble gases: 85Kr, 222Rn series
(daughter nuclei 210Bi and 210Po), and 39Ar.
 85Kr
85Kr
T1=2=10:76 yr          !
Q=0:687 MeV
85Rb
 222Rn
210Pb
T1=2=22:3 yr          !
Q=0:0635 MeV
210Bi
T1=2=5:013 yr          !
Q=1:162 MeV
210Po
T1=2=138:4 day          !
Q=5:047 MeV
206Pb
 39Ar
39Ar
T1=2=269 yr          !
Q=0:565 MeV
39K
Fig.4.20 is one of the spectrum tting results with various low energy radioactivities.
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Figure 4.20: Single spectrum tting with beta spectra (210Bi: magenta, 85Kr: green,
and 14C: orange) and Gaussian (210Po: blue). Since the threshold is higher before
purication phase, a 14C tting function is added after purication only.  is the energy
scale parameter.
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For the anti-neutrino study, the estimation of 210Po, which emits -particle, is im-
portant because (; n) interaction makes a mimic IBD event. Its event rate is estimated
from the low energy tting result for after purication with lower threshold runs. How-
ever, the threshold before purication phase is higher than to take 210Po event. There-
fore, before purication, its event rate is estimated from the decay rate owing to no any
activities for LS in that phase.
Estimation of 210Po for Before Purication
The decay rate of 210Po in KamLAND is
RPo(t) =
N0Pb(t0)
Pb   Po

exp

  t  t0
Pb

  exp

  t  t0
Po

; (4.11)
where t0 is a time oset assuming the start of LS lling in May 2001. Po and Pb are
lifetime of 210Po and 210Pb respectively. N0Pb(t) means the number of isotopes at the
timing of t, and its value is estimated to be 1:05 1011 from the tting as Fig.4.21.
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Figure 4.21: Monthly averaged rates of 210Bi and 210Po [59]. Black square is 210Po
rate estimated from hit information (NsumMax) for the whole volume. Black circle is
210Po estimated with low threshold trigger data. Red solid line shows the tting result
with Eq.4.11 and gives the number of 210Pb events at t0. Red dashed line represents
210Po decay rate with scaling 550 cm radius ducial volume under the assumption of an
obtained tting result in the whole volume. Decay rates of 210Bi and 210Po are found to
be good agreement with that result, and they are in equilibrium.

Chapter 5
AntiNeutrino Candidate
5.1 Dataset and Run Selection
Analysis dataset is summarized in Tab.5.1. \DS-X" means the dataset for anti-neutrino
analysis divided by each detector condition: before/after purication, KamLAND-Zen
400 phase, and after OD refurbishment. \LS-X" is the dataset for producing the like-
lihood table (Sec.5.3). Since the LS condition changes before/after purication, the
dataset is divided into DS-1/DS-2 respectively. After the purications, (; n) back-
grounds decrease due to the reduction of radioactive impurities. During the KamLAND-
Zen 400 phase (and Failed 800 phase), inner-balloon is installed at the center of Kam-
LAND detector (DS-3). As about the same time as the start of the KamLAND-Zen
400, all Japanese reactors stopped because of the Great East Japan Earthquake. Thus
reactor-neutrino backgrounds are decreased after DS-3 started. DS-4 is collected after
the OD refurbishment. \Reactor-O Phase" corresponds to DS-3 and DS-4.
Table 5.1: Summary of dataset.
Period Date Livetime [days] Status
DS-1 2002 Mar. - 2007 May. 1481.86 before purication
DS-2 2007 May. - 2011 Aug. 1148.55 after purication
DS-3 2011 Aug. - 2016 Jan. 1251.72 KamLAND-Zen 400
(with inner-balloon)
DS-4 2016 Jun. - 2017 Jun. 301.591 after OD refurbishment
(including Failed800 phase)
total 2002 Mar. - 2017 Jun. 4183.72
Run Quality and Bad Period
Not all collected data is used in the nalysis. KamLAND usually changes a run with 24
hours, but some runs have electronics troubles, unstable trigger rate, abnormal muon
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rate, or any specic workings such as inner-balloon installation/uninstallation. Run-
quality is set for each run as follows:
 Good run
No troubles. Able to use for analysis.
 Half bad run
Partly troubles found. Able to use for analysis but exclude its trouble period as
deadtime.
 Junk run
Too short runtime or any heavy troubles happen. Not to be used for the analysis.
5.1.1 Livetime Calculation
The livetime, which is the active time for detectable of anti-neutrino, is not the same
as the runtime due to deadtime and vetotime subtraction. Deadtime is no data taking
period in a run or abnormal data taking period, and categorized into the followings:
 Bad run
Bad quality run described in Sec.5.1. This run is whole vetoed.
 Half bad run
A run partly including bad period. This bad period is vetoed as deadtime, but the
rest is used.
 Trigger disable period
In case of the trigger module busy, the trigger-disable ag issues, and that time
adds to deadtime.
 Trigger dead period
Network problem causes the broken data packets which is identied by large time
intervals (> 100 msec) between consecutive history events.
 Missing muons
Muons make multiple events within 150 sec and ringing in KamFEE baseline. In
case of no muon within 150 sec before a cluster of such noise events, it is suspected
to miss any muons due to the unknown deadtime. Such missing muons are found
by multiple noise events and no muons within 1 msec former. These periods are
conservatively taken to be deadtime.
The vetotime is a veto period such as two msec veto selection after muons to avoid
backgrounds from any spallation products by cosmic muons or a period for taking a
pedestal at the beginning of a run.
The uncertainty of deadtime is estimated from counting 1-PPS trigger events as
(Number of 1 PPS trigger) = (run time)   (veto time)   (supernova trigger period);
(5.1)
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where 1-PPS trigger is a forced-acquisition trigger issued every second synchronized with
GPS module except the supernova trigger. The unknown deadtime ratio is dened as
R 
1  (Number of 1 PPS trigger) 1 sec(run time)   (veto time)   (supernova trigger period)
 : (5.2)
The average of unknown deadtime ratio is estimated to be approximately 0:012% as
shown in Fig.5.1.
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Figure 5.1: Unknown dead time ratio.
The livetime is calculated from the runtime, deadtime, vetotime, and supernova
trigger periods. For overlap checking of each veto, uniform events are used which Monte
Carlo (MC) simulation generates. The livetime calculation is dened as,
livetime  (number of events after applying all cuts)
(number of events)
 (runtime): (5.3)
Fig.5.2 shows the runtime - livetime ratio for good run and half bad run. Since recent
KamLAND has a lot of noisy bad-channels and half bad runs, the trigger disable often
issues and increases deadtime.
5.1.2 Fiducial Volume Selection
Fig.5.3 shows the visible energy spectrums with various ducial volume selections. At
lower energy region around 1 - 3 MeV, the number of events decreases every 50 cm radius
small. Lower energy event mainly comes from 40K 1.46 MeV -ray and 208Tl 2.62 MeV
-ray which contaminates in balloon lm, kevlar ropes, PMT glass, and rock. At above
5 MeV, various spallation products are the dominant sources.
To supperss the external background contamination, the ducial volume is selected
as
RFiducial Volume Radius = 550 cm: (5.4)
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Figure 5.2: The ratio between livetime and runtime with good run (red points) and
half bad run (blue points) case. Recent data have many trigger-disabled which makes
deadtime.
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Figure 5.3: Visible energy spectra with various ducial volume for 0.9 - 30 MeV visible
energy.
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Also, KamLAND-Zen experiment installed inner-balloon at the center which is lled
with dierent component LS (Sec.2.4). To avoid the unknown eect from xenon spal-
lation and dierent light intensity of Xe-LS, 250 cm radius sphere volume and cylinder
volume cut are applied for the delayed event only in delayed coincidence. This cut volume
corresponds to about 9.5% of all 550 cm radius ducial volume. This \ZenVolumeCut"
eect is assigned as selection eciency, not ducial volume.
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5.2 Anti-Neutrino Selection
The expected electron anti-neutrino ux is larger than other neutrino species because
the cross-section of Inverse Beta Decay (IBD) is larger than others. Besides, IBD has
strong background rejection. Therefore, Supernova Relic Neutrino study focuses on the
electron anti-neutrinos.
5.2.1 Overview of Inverse Beta Decay
Anti-Neutrino identication
The electron-type anti-neutrinos (e) coming to the KamLAND reacts via inverse beta
decay (IBD) with a proton in liquid scintillator (LS) (Eq.5.5, Fig.5.4).
e + p! n+ e+ (5.5)
Output positron e+ emits scintillation light via its energy deposit in LS and 511 keV an-
nihilation gamma-rays (prompt signal), while output thermalized neutron is,  210 sec
after, captured on proton (and 12C with 0.5%) and emits a 2.22 MeV gamma-ray (de-
layed signal) as
n+ p! d+  (2:22 MeV): (5.6)
Using a delayed coincidence method for these sequential events, IBD identication is
strongly rejected backgrounds. Other reactions, i.g.) a neutrino-electron scattering
 + e!  + e, show an only single-event in KamLAND and it is dicult to distinguish
from a lot of backgrounds. The detail of selection criteria is written in next section.
e+
e-
p
n
p
νe
d
γ 511keV
γ 511keV
γ 2.2MeV
Thermalized neutron(τ ~ 210μsec)
Prompt signal(positron + annihilation)
Delayed signal(neutron capture)
Figure 5.4: Inverse beta decay; the identication method for electron type anti-neutrino
events in KamLAND. Prompt event consists the scintillation light from deposit positron
and its annihilation gamma-rays. Delayed event is 2.2 MeV gamma-ray from thermalized
neutron capture on proton.
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From the energy conservation, the energy threshold of IBD reaction in the center of mass
frame (cm) is
Ethrcm =
(Mn +me)
2  M2p
2(Mn +me)
= 1:803 [MeV]; (5.7)
where Mn, Mp, and me are the mass of neutron, proton, and electron respectively. On
the other hand, in the laboratory frame (lab), it is
Ethrlab = E
thr
cm 
Ecm
Mp
(5.8)
= Ethrcm 
Mn +me
Mp
(5.9)
=
(Mn +me)
2  M2p
2Mp
(5.10)
= 1:806 [MeV]: (5.11)
The energy of the electron-type anti-neutrino Ee is described as
Ee +Mp = Te+ +me + Tn +Mn; (5.12)
where Te+ and Tn are the kinetic energy of positron and neutron. From above, the
prompt energy is
Eprompt = Te+ + 2me (5.13)
= Ee   Tn +Mp  Mn +me (5.14)
= Ee   Tn   0:782 [MeV]: (5.15)
Cross-Section of Inverse beta Decay
The IBD matrix element (M) is
M = GF cos Cp
2

un

f   5g   if2
2M
q


up

 [v(1  5)ve] ; (5.16)
where,
GF =(~c)3 = 1:66 10 5 GeV 2 (Fermi coupling constant)
f = 1:0 (vector coupling constant)
g = 1:26 (axial  vector couplingconstant)
f2 = p   n   1:0 = 2:793 + 1:913  1:0 = 3:706
cos C = 0:974 (Cabibo angle C):
In the zeroth-order in 1=M , the positron energy is written as [68][69],
E(0)e = E  ; (5.17)
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where   Mn  Mp. At each order of 1=M , the positron momentum and the velocity
are written as
pe =
p
E2e  m2e (5.18)
ve = pe=Ee: (5.19)
Hence, the dierential cross-section is,
d
d cos 
(0)
=
0
2
h
(f2 + 3g2) + (f2   g2)v(0)e cos 
i
E(0)e p
(0)
e ; (5.20)
where  is a proton scattering angle.
The normalization constant 0 is
0 =
G2F cos
2 C


1 + radinner

; (5.21)
where radinner
= 0:024 is the energy-independent inner radiative correction.
Thus, the standard total cross-section is obtained as
0tot = 0(f
2 + 3g2)E(0)e p
(0)
e (5.22)
= 0:0952
 
E
(0)
e p
(0)
e
1 MeV2
!
 10 42 cm2: (5.23)
As same way, the neutron beta decay rate is aected by the energy independent inner
radiative corrections. The total cross-section can also be written as

(0)
tot =
2=m5e
fRphase spacen
E(0)e p
(0)
e ; (5.24)
where n is the measured neutron lifetime and f
R
phase space = 1:7152 is the phase space
factor including the Coulomb, weak magnetism, recoil, and outer radiative corrections
[69].
At the rst order in 1=M , the positron energy depends on the scattering angle. It is
E(1)e = E
(0)
e

1  E
M
(1  v(0)e cos )

  y
2
M
; (5.25)
where y2  (2   m2e)=2, and M is the average nucleon mass. The dierential cross-
section at the rst order is
d
d cos 
(1)
=
0
2
h
(f2 + 3g2) + (f2   g2)v(1)e cos 
i
E(1)e p
(1)
e  
0
2

 
M

E(1)e p
(1)
e ; (5.26)
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where
  = 2(f + f2)g
"
(2E(0)e +)(1  v(0)e cos ) 
m2e
E
(0)
e
#
+(f2 + g2)
"
(1 + v(0)e cos ) +
m2e
E
(0)
e
#
+(f2 + 3g2)
"
(E(0)e +)(1 
1
v
(0)
e
cos ) 
#
+(f2   g2)
"
(E(0)e +)(1 
1
v
(0)
e
cos ) 
#
v(0)e cos : (5.27)
The total cross-section of the inverse beta decay with order O(1=M) is
(Ee) =
"Z 1
 1

d(Ee)
d cos 
(1)
d cos 
#
 (1 + radouter); (5.28)
where radouter is the energy-dependent outer radiative corrections[70].
The total cross-section as a function of neutrino energy is shown in Fig.5.5.
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Figure 5.5: Total cross-section of the inverse beta decay reaction as a function of anti-
neutrino energy.
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5.2.2 e Delayed Coincidence Selection in KamLAND
e via IBD is selected by the delayed coincidence (DC) method, which uses sequential
positron signal (prompt) and neutron capture (delayed) event.
Prompt Event Selection
A prompt event consists of the positron energy deposit and its annihilation gamma-rays.
Since the \golden window" for SRNs is 10 - 30 MeV energy window (Chap.1), upper
energy threshold sets to 30 MeV. In this thesis, lower energy threshold sets to 0.9 MeV
for the low energy study at where predicted SRN models are enhanced. Therefore,
0:9 < Eprompt [MeV] < 30:0: (5.29)
Eq.5.15 allows converting from this observed energy to neutrino energy.
Prompt event selection criteria are the follows:
 0.9 - 30 MeV energy
 Not OD muon event
NODhit < 5 for before OD refurbishment, and N
OD
hit < 9 for after OD refurbishment.
Delayed Event Selection
A delayed event is thermalized neutron capture event on a proton or on a 12C (0.5%),
whose capture gamma energy is 2.22 MeV and 4.90 MeV, respectively. The other nu-
clei capture event is enough negligible; for instance, 13C probability is smaller than
O(10 2)%. Their occupancies of thermal neutron capture are calculated from each
cross-section [71] and the number of target nuclei in KamLAND. Delayed event selec-
tion is
 1.8 - 2.6 MeV or 4.4 - 5.6 MeV energy
 Not muon event
The selection eciencies of each delayed energy are
(E: 1:8  2:6 MeV) = 1p
22
Z 2:6 MeV
1:8 MeV
exp

 (E   2:211)
2
22

dE; (5.30)
(E: 4:4  5:6 MeV) = 1p
22
Z 5:6 MeV
4:4 MeV
exp

 (E   5:061)
2
22

dE; (5.31)
where  is the estimated energy resolution, 2.211 and 5.061 are the visible energy of 2.20
MeV neutron capture on proton and 4.90 MeV on carbon. Selection eciencies from
above cut are summarized in Tab.5.2.
In addition, for the only delayed event, \ZenVolumeCut" is applied for KamLAND-
Zen 400 and Failed 800 phases. Xe-LS inside the inner-balloon has dierent LS compo-
nents. Its vertex cut region is
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Table 5.2: Delayed energy selection eciency.
Period 17-inch 20-inch
before purication  [%/
p
E [MeV]] 7:0 0:1 6:1 0:1
eciency (1.8 - 2.6 MeV) 99.99% 100%
eciency (4.4 - 5.6 MeV) 100% 100%
after purication  [%/
p
E [MeV]] 8:2 0:1 7:0 0:1
eciency (1.8 - 2.6 MeV) 99.89% 99.99%
eciency (4.4 - 5.6 MeV) 99.99% 100%
 Rdelayed < 250 cm
 delayed < 250 cm for Zdelayed > 0,
and that visualized image is drawn in Fig.5.6. Due to this ZenVolumeCut, delayed event
Figure 5.6: Image of KamLAND-Zen volume cut.
selection eciencies for KamLAND-Zen 400 phase and Failed 800 phase are suppressed
to
VR550cm   VZenVolumeCut
VR550cm
= 95:18%: (5.32)
Space Correlation
The distance between prompt event and delayed event depends on the thermal neu-
tron diusion and its capture process. Furthermore, the detector vertex resolution also
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directly aects on. For DC selection, its distance takes as
R < 200 [cm]: (5.33)
Here, for checking its space correlation eciency, AmBe source calibration data is
useful (Fig.5.7). Estimated space correlation is 99.84% for R < 200 cm selection.
Time Correlation
In order to avoid the noise eect from prompt event, a delayed-event is searched after
0.5 sec from a prompt event. Upper time threshold set for 1000 sec which is enough
time for neutron capture lifetime  210  sec,
0:5 < T [sec] < 1000: (5.34)
Fig.5.8 shows the neutron capture time at each periods;  [sec] = 209:6  2:2 (before
purif.), and = 208:6  2:5 (after purif.). Time correlation eciency is computed with
tting function as
(E:time correlation) =
1

Z 1000 sec
0:5 sec
exp

  t


dt (5.35)
= 98:91 0:04% (before purif:) (5.36)
= 98:93 0:04% (after purif:) (5.37)
5.2.3 Michel Electron Cut
Muons stopped in KamLAND decays to electron (Michel electron) with 2.2 sec their
decay time as
  ! e  + e + : (5.38)
This output e also reacts as IBD and make a mimic supernova relic anti-neutrino IBD
event. In this muon decay case, two electrons are detectable as prompt event; one is
from decay muon, and another is from IBD of secondary particle of e capture on proton.
Hence, two prompt event is rejected.
5.2.4 Multiple Neutron Events
IBD reaction has only one neutron emission, but atmospheric neutrino backgrounds can
make multiple neutrons from carbon nuclei. Although the single neutron selection as a
delayed event is essential for the background rejection, our estimation of the atmospheric
neutrino and fast neutron backgrounds via MC simulations have an uncertainty of how
neutrons are produced. Hence, in this supernova relic neutrino search in KamLAND,
multiple delayed neutron events with IBD selection are included in e candidates.
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Figure 5.7: Delayed coincidence event of AmBe source calibration run at the center of de-
tector; (Upper Left) Prompt energy spectrum, (Upper Right) Delayed energy spectrum,
(Lower Left) Distance between delayed event vertex and source position, and (Lower
Right) Time dierence distribution. Vertical dashed lines represent each cut conditions.
Two peaks in prompt energy correspond the neutron capture on proton (2.2 MeV) and
-ray emission from 12C (4.4 MeV) as AmBe source. Some peaks in delayed energy
spectrum are accidental coincidence events of 4.4 MeV -ray overlap with the  emission
from the neutron capture on 12C. Estimated capture time 207:9 1:8 sec is consistent
with other analyses. Obtained space correlation between prompt vertex and neutron
capture point is 99.84% for R < 200 cm.
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Figure 5.8: Time correlation between neutron capture and muon event with before and
after purication. In KamLAND-Zen 400 phase and Failed 800 phase, ZenVolumeCut is
applied. Selection criteria is; 1:8 < Evis [MeV] < 2:6, Q < 0 p.e., and ducial radius
set as 550 cm.
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5.3 Likelihood Selection
Although the delayed coincidence (DC) method strongly reject backgrounds for e, ac-
cidental DC pairs can be contaminated. Especially at low energy region and at the
near of balloon surface, there are a lot of accidental DC pair due to some radioactivi-
ties out of the ducial volume. Hence, the likelihood selection for e is applied as the
secondary-level selection in order to suppress the accidental DC contamination.
The overview of this likelihood analysis is as follows:
1. Anti-neutrino DC pair selection (1st level cut)
2. Construction of probability density function (PDF) for the anti-neutrino DC pairs
(fe) and the accidental (facci)
3. Selection of prompt energy dependent likelihood ratio (Lratio(Eprompt)) with max-
imum gure of merit (FOM)
4. Applying 2nd level cut Lratio for anti-neutrino candidates
5.3.1 Dataset for Likelihood Table
Accidental backgrounds are estimated with similar method of e candidate selection, but
time-correlation (T ) is set as otime window 0.2 - 1.2 sec corresponding to 1:0  106
times wider window. Its scaling factor for wide otime window is
(scaling factor) =
Te(0:5  1000 sec)
Tacci(0:2  1:2 sec) = 0:995 10
 3: (5.39)
Since the number of accidental events has a time variation as Fig.5.9, likelihood (LH)
selection table is divided into some periods (LH-X) as Tab.5.3.
Table 5.3: Dataset classication for likelihood selection.
LH-period Date Run Comment
LH-0 Mar. 9th, 2002 - Oct. 31st, 2003 220 - 2985 before purif.
LH-1 Nov. 1st, 2003 - May 12th, 2007 2986 - 6801 before purif.
LH-2 May 12th, 2007 - Aug. 5th, 2007 6802 - 6953 during 1st purif.
Jul. 7th, 2008 - Apl. 7th, 2009 7872 - 8501 during 2nd purif.
LH-3 Aug. 6th, 2007 - Jul. 7th, 2008 6954 - 7871 between purif.s
LH-4 Apl. 8th, 2008 - Aug. 12th, 2011 8502 - 10765 after 2nd purif.
Jul. 22nd, 2016 - Aug. 8th, 2016 13718 - 13792 after OD work
Nov. 22nd, 2016 - Jun. 27th, 2017 13962 - 14369 after Failed800
LH-5 Oct. 12th, 2011 - Dec. 15th, 2015 11000 - 13414 Zen400 phase
Aug. 19th, 2016 - Nov. 15th, 2016 13801 - 13961 Failed800 phase
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Figure 5.9: Time variation of the number of accidental background events within 600
cm radius. The event rate is scaled to [event/day] with otime window width.
5.3.2 PDF for Signal and Background
The PDF for accidental backgrounds (facci) is evaluated from the real data as Fig.5.9,
while the PDF for anti-neutrino (fe) is from the Geant4 [61] simulation result because
of a small number of actual data. Simulation prompt event vertex is uniformly gener-
ated with proper charge dispersion, vertex resolution, and energy resolution. MC also
makes the delayed event considering the neutron diusion. Their time correlation is
independently simulated from the measured capture time.
The PDFs of accidental background and anti-neutrino are dened with 1200 (=
76 3 16 5 5 1) bins parameterized space as:
 Ep (76 bins)
0.9 - 8.5 MeV, energy 0.1 MeV bin width
 Ed (3 bins)
(i) 2.0 - 2.4 MeV, (ii) 1.9 - 2.0 MeV and 2.4 - 2.5 MeV, (iii) 1.8 - 1.9 MeV and 2.5
- 2.6 MeV
 R (16 bins)
(i) 0 - 50 cm, (ii) 50 - 200 cm every 10 cm bin width
 Rp, Rd (5bins each)
(i) 0 - 500 cm, (ii) 500 - 600 cm every 25 cm bin width
 T (1 bin)
(accidental) non-binned under the expectation of uniform distribution for 0.2 - 1.2
sec otime window
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(signal) non-binned under the assumption of exponential distribution exp ( t=211:1)
for 0.5 - 1000 sec
5.3.3 Denition of Likelihood Function
To optimize the likelihood selection condition, a parameter (Lratio) is dened as a func-
tion of prompt energy;
Lratio(Ep)  fe
fe + facci
: (5.40)
The gure of merit (FOM) tunes this Lratio parameter in every 0.1 MeV prompt energy
bins as
FOM(Ep)  S(Lratio)p
S(Lratio) +Bacci(Lratio)
; (5.41)
S(Lratio) 
Z 1
Lratio
(number of signal events with L) dL; (5.42)
Bacci(Lratio) 
Z 1
Lratio
(number of accidental events with L) dL: (5.43)
Fig.5.10 shows the procedure of likelihood function production for 1.3 - 1.4 MeV and 1.9
- 2.0 MeV prompt energy cases. Firstly, the parameter Lratio is computed with Eq.5.40
from 1200 binned functions (facci and fe), and integrated them as Eq.5.425.43. The
maximum FOM and its Lratio obtained from the FOM distribution (Eq.5.41) gives the
cut parameter
Lcut(Ep)  Lratio(at max FOM): (5.44)
Fig.5.11 shows the maximum FOM distribution as a function of prompt energy in LH0
- LH5.
5.3.4 Likelihood Selection Eciency
The eciency which depends on the prompt energy is evaluated by using the MC data.
1:0 107 of e events are uniformly generated in 750 cm radius volume for each prompt
energy bin, and all DC selections including the likelihood selection are applied. Then,
the eciency (Ep) can be described as
(Ep) =
number of survived events after all selection
number of generated events in ducial volume
: (5.45)
Since the LS light yield decreases at the timing of purication campaign, vertex
resolution and energy resolution are also aected. Furthermore, recently the number of
bad-channels is increasing, of course, this causes worse each resolution.
In order to evaluate the time-dependent selection eciency, energy resolution, and
vertex resolution are concerned. On the basis of the calibration data at before/after
purication, the correction factor is dened as
F = Fz axis  Fo axis  Ftime  Fbadch; (5.46)
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Figure 5.10: Procedure of likelihood production with (a) 1.3 - 1.4 MeV and (b) 1.9 - 2.0
MeV prompt energy case. These examples are cases with using 17inch+20inch PMTs in
LH-0 period. Top gures are Lratio distributions for accidental background (blue) and
e signal (red). Middle gures show their integrated spectrum as S(Lratio) (red) and
Bacci(Lratio) (blue). Bottom gures are FOM(Lratio), and vertical dashed magenta line
indicates the cutting parameter Lcut at the maximum FOM case.
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Figure 5.11: Maximum gure of merit (FOM ; Eq.5.41) distribution with each LH period
as a function of prompt energy (Ep).
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Figure 5.12: Time variation of quenching factor for the time-dependent selection e-
ciency calculation. Here, \quenching factor" includes the bad-channel increased eects
(Sec.3.4). Larger quenching factor means worse energy resolution and vertex resolution.
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where Fz=o axis is the deviation of reconstructed energy from the z-axis/o-axis cali-
brations Sec.3.8, Ftime is from the energy stability Sec.4.2, and Fbadch is
Fbadch(RunNumber) =
number of badch at calibration run
number of badch at RunNumber
: (5.47)
F is the eective \quenching factor" and its time variation is shown in Fig.5.12. Hence,
the time-dependent vertex resolution and energy resolution are computed as
energy(E) = energy(At Calibration run)
p
E  F [%=
p
E(MeV)]; (5.48)
vertex(E) = vertex(At Calibration run)=
p
E=F [cm 
p
E]: (5.49)
Finally, the selection eciencies with each LH period are drawn in Fig.5.13. At
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Figure 5.13: Selection eciency as a function of prompt energy after the all e selections
applied. The eciency at a few MeV energy region is lower because there are a lot of
accidental delayed coincidence backgrounds from the radioactive contamination at the
near of balloon surface or Kevlar ropes such as 208Tl and 40K and external gamma-rays.
The ZenVolumeCut suppresses the eciency at LH-5 period.
LH-5 period, the eciency is lower than other periods because LH-5 period applies the
ZenVolumeCut (Sec.5.2) for delayed event vertex. For the higher energy event than 8.5
MeV, the last bin is used in the likelihood selection.
5.3.5 Summary of Uncertainty
Binned Energy
Prompt energy spectrum used in likelihood selection is 76 binned spectrum, but real anti-
neutrino energy spectrum is continuous. The uncertainty of binned signal is estimated
from the dierence between the number of input signals and the number of counting
signals. This uncertainty is 0.8%.
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Time Correlation Cut
The uncertainty of time correlation cut for the likelihood selection is estimated from the
neutron capture time as Fig.5.8.
Estimation from the Simulation
The uncertainties of space correlation cut and delayed energy cut are estimated from
the dierence between real data and Geant4 simulation result with 68Ge (20:511 MeV
-ray) and AmBe (2.2 MeV neutron capture on proton) calibration run. The simulation
events are generated from 0 MeV e+ and 2 - 6 MeV neutrons accounting for KamLAND
geometry, charge dispersion, neutron diusion and vertex/energy resolutions.
Fig.5.14 shows the uncertainty after the likelihood selection for e as a function of
prompt energy. At higher than 8.5 MeV, the uncertainty is assumed as at spectrum
shape because energy dependence exists only below 3 MeV.
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Figure 5.14: Uncertainties from likelihood selection for LH-0 period as a function of
prompt energy. Green, red, and blue lines are the uncertainties of space correlation,
delayed energy cut, and time correlation, respectively. These uncertainties have energy
dependence only below  3 MeV.
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5.4 Anti-Neutrino Candidates
5.4.1 DS-1 and DS-2
The e candidate proles in DS-1 and DS-2 as a period of Japanse reactors working
are shown in Fig.5.15 and its vertex is shown in Fig.5.16. In DS-1 and DS-2, 1297
candidates are observed including four candidates of multiple delayed neutron capture
event. Their energies or vertices have no specic character comparing the other nominal
e candidates.
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Figure 5.15: Anti neutrino candidates. (Upper Left) prompt energy spectrum, (Upper
Right) delayed energy spectrum, (Lower Left) space correlation between prompt and
delayed event, and (Lower Right) time correlation between prompt and delayed event.
Magenta dashed lines represent each cut line (1:8 < Ed < 2:6 MeV, 4:4 < Ed < 5:6
MeV, R < 200 cm, and T < 1000 sec). Blue shadowed histogram shows after
likelihood selection, and green shadowed histogram is multiple delayed neutron case.
Multiple neutron events are not double-counts in prompt spectrum.
5.4.2 Reactor Shutdown Phase
Fig.5.17 shows the e candidate proles after Japanese reactor shutdown (DS-3 and DS-
4), and its vertex is shown in Fig.5.18. In this dataset, 139 candidates are observed with
no observation of multiple delayed neutron capture event.
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Figure 5.16: Vertex distribution of e (left) and with multiple neutron case (right).
Vertical axis is Z [m] and horizontal axis is 2[m2]  X2 + Y 2. Black dashed lines
correspond to radius 550 cm, 600 cm, and 650 cm. Red point and blue point represent
prompt event and delayed event, respectively.
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Figure 5.17: Anti neutrino candidates for DS-3 and DS-4. (Upper Left) prompt energy
spectrum, (Upper Right) delayed energy spectrum, (Lower Left) space correlation be-
tween prompt and delayed event, and (Lower Right) time correlation between prompt
and delayed event. Magenta dashed lines represent each cut line (1:8 < Ed < 2:6 MeV,
4:4 < Ed < 5:6 MeV, R < 200 cm, and T < 1000 sec). Blue shadowed histogram
shows after likelihood selection, and green shadowed histogram is multiple delayed neu-
tron case. DS-3 and DS-4 have no multiple neutron event.
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Figure 5.18: Vertex distribution of e (left) and with multiple neutron case (right). DS-3
and DS-4 have no multiple neutron event. Vertical axis is Z [m] and horizontal axis is
2[m2]  X2 + Y 2. Black dashed lines correspond to radius 550 cm, 600 cm, and 650
cm. Red point and blue point represent prompt event and delayed event, respectively.
KamLAND-Zen 400 and Failed 800 phases are applied \ZenVolumeCut" which cut 250
cm radius center and cylinder cut.
5.4.3 All Dataset
The e candidate proles in all dataset are shown in Fig.5.19 and its vertex is shown
in Fig.5.20. In all dataset, 2066 candidates are observed including four candidates of
multiple delayed neutron capture event.
5.5 Detector Related Uncertainty
The detector related systematic uncertainties are summarized in Tab.5.4.
Number of Target Protons
Anti-neutrino selection in KamLAND uses the IBD as Sec.5.2 with the target nuclei
proton. The dominant uncertainty for the estimation the number of target protons is
from the LS temperature (11:5  1:5 C) as Sec.2. This 1:5 C corresponds to 0.1%
density error.
The fraction of carbon, nitrogen, and oxygen to hydrogen in LS is 1.96908, 17842.0,
and 17842.0, respectively. Therefore,
Number of H =
NA
1:00794 + 12:011=(H=C) + 14:00674=(H=N) + 15:9994=(H=O)
;
(5.50)
where NA = 6:02  1023 is the Avogadro constant. Since the ducial volume takes 550
cm radius, the number of target protons is numerically calculated as
Number of 1H = (8:471 1022 =g) (697 106 cm3) (0:78013 g=cm3) (0:99985)
= 4:605 1031: (5.51)
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Figure 5.19: Anti neutrino candidates. (Upper Left) prompt energy spectrum, (Upper
Right) delayed energy spectrum, (Lower Left) space correlation between prompt and
delayed event, and (Lower Right) time correlation between prompt and delayed event.
Magenta dashed lines represent each cut line (1:8 < Ed < 2:6 MeV, 4:4 < Ed < 5:6
MeV, R < 200 cm, and T < 1000 sec). Blue shadowed histogram shows after
likelihood selection, and green shadowed histogram is multiple delayed neutron case.
Multiple neutron events are not double-counts in prompt spectrum.
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Figure 5.20: Vertex distribution of e (left) and with multiple neutron case (right).
Vertical axis is Z [m] and horizontal axis is 2[m2]  X2 + Y 2. Black dashed lines
correspond to radius 550 cm, 600 cm, and 650 cm. Red point and blue point represent
prompt event and delayed event, respectively.
146 CHAPTER 5. ANTINEUTRINO CANDIDATE
OD Hit Event Cut
Year
O
D 
In
ef
fic
ie
nc
y 
[%
]
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
OD Inefficiency
2004 2006 2008 2010 2012 2014 2016
Figure 5.21: Time variation of OD ineciency with one week bin. The uncertainty of
OD hit event cut is estimated to be less than 0.4%.
To reduce the accidental OD hits and mimic OD muon tagging, the event selection
is applied for OD hit as
N200OD < 5 hits (before OD refurbishment)
N200OD < 9 hits (after OD refurbishment):
The parameter N200OD means the number of hit OD PMTs within 200 nsec time window.
After the OD refurbishment (Sec.2.5), selection criteria is changed owing to less number
of PMTs, high quantum eciency PMTs, and high reective Tyvek sheet. With using
cosmic muon events, the ineciency of OD can be estimated as
InEOD =
(number of ID events with Q17 > 1:0 106 p:e:)&(N200OD < selection)
number of ID events with Q17 > 1:0 106 p:e: ;
(5.52)
where Q17 > 1:0106 p:e: corresponds to the threshold of ID muon event identication.
Fig.5.21 shows the time variation of OD ineciency. The increase of OD bad-channels
(Sec.3.4) causes higher ineciency, but it becomes to be suppressed under 0.1% after
the OD refurbishment work (Sec.2.5). This uncertainty is estimated as < 0.4%.
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Table 5.4: Summary of the detector related systematic uncertainties.
before purif. after purif.
- eciency -
likelihood selection 1.5% 1.2%
binned eciency 0.8% 0.8%
trigger eciency 0.002% 0.002%
livetime calculation < 0:02% < 0:02%
- event selection and reconstruction -
asher event cut < 0:008% < 0.009%
OD hit event cut < 0.4% < 0.4%
ducial volume cut 1.6% 3.26%
miss-recon. probability 0.2% 0.2%
energy scale 1.6% 2.0%
- number of target and cross section -
number of target proton < 0:1% < 0:1%
cross-section 0.2% 0.2%
total 2.88% 4.12%

Chapter 6
Background Estimation
6.1 List of Backgrounds
Although the delayed coincidence selection for anti-neutrino search has less background
contamination, the following delayed coincidence (DC) events make mimic inverse beta
decay (IBD) sequential events:
 Spallation 8He/9Li (Sec.6.2)
 Fast neutron (Sec.6.3)
 Accidental IBD (Sec.6.4)
 (, n) interaction (Sec.6.5)
 Atmospheric neutrino neutral current interaction (Sec.6.8)
 Atmospheric neutrino charged current (Sec.6.8)
Besides, reactor-e (Sec.6.6) and geo-e (Sec.6.7) are also background events for SRN e
search.
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6.2 8He=9Li Production
Cosmic muons induce various spallation products in KamLAND with reaction to 12C.
Some isotopes of them decay with neutron and beta-ray emission summarized in Tab.6.1.
These decay modes make a delayed coincidence (DC) and become a background for e;
a mimic IBD. From the muon beam measurement by T.Hagner et al: [65], we already
know that 8He and 9Li are the dominant spallation backgrounds for anti-neutrino event.
Indeed, 11Li and 12Be are still not observed in KamLAND.
Table 6.1: Neutron and beta-ray emission isotopes. Driven muons in KamLAND make
 and  shower, and their secondary high-energy paricles can induce 12C.
Isotope Production reaction Lifetime Decay mode Energy Fraction
[msec] [MeV]
8He 12C(; 4p); 12C( ; n3p) 171.7   10.7 0.84
  + n 0.16
9Li 12C(; 3p); 12C( ; n2p) 257.2   13.6 0.53
  + n 0.48
11Li 12C(; 2+p); 12C( ; +p) 12.3   20.6 0.07
  + xn 0.92
12Be 12C(; 2+); 12C( ; +) 16.4   11.7 -
  + n -
Selection criteria for 8He and 9Li are
 Not asher event
 Select ducial volume; R < 550 cm
 Zen volume veto; cut R < 250 cm and  < 250 cm for upper sphere
 Delayed coincidence (DC) event selection after muon event
almost same as e selection, but 0.9 - 15 MeV selection and 500 msec after the last
muon for prompt event
Prompt event is selected within 500 msec after muon event, considering accidental spal-
lation neutron contamination and each of isotope lifetime. Fig.6.1 is its prompt energy
spectrum and typical 8He/9Li energy spectrum. Since data is consistent with 9Li energy
spectrum, 9Li is the main spallation product.
Fig.6.2 shows the prompt time distribution from last muon events with various cut
conditions. In the after showering muon case which has large residual charge (Q > 106
p.e.) and the after non-showering muon (Q < 106 p.e.) with dL < 300 cm case, the
time correlation is found as 8He/9Li decay. Here dL means the distance from muon track.
On the other hand, in the non-showering muon with dL > 300 cm case, no correlation
is found, which means that 300 cm cylinder veto for 2 msec after non-showering muon
has good performance for background rejection (described in Sec.3.6.3).
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Figure 6.1: 8He/9Li prompt energy spectrum (blue points), 8He energy spectrum (green
line), and 9Li energy spectrum (red line). Data is consistent with 9Li. This gure is
adopted from [64].
The 8He/9Li background for e comes from (i) longer-lived events after showering
muons and (ii) ineciency of such 300 cm cylinder veto for non-showering muons. Fig.6.3
shows the event prole as a function of distance from non-showering muon track within
2 msec and nds the cylinder cut eciency as
cylinder cut = 95:11 [%]: (6.1)
Therefore, approximately 5% of spallation 8He/9Li events contributes to e backgrounds.
For the estimation of the number of 8He/9Li background, rstly each event rate is
evaluated within 2 msec and dL < 300 cm after muon. Using their time spectrum shown
in Fig.6.2, observed events and 9Li fraction is evaluated with following tting function
as
f(N;RLi) = N  (1 RLi)  exp ( t=He) +N RLi  exp ( t=Li) + (oset); (6.2)
where N  NHe+NLi is the total number of event, RLi  NLi=(NLi+NHe) is the fraction
of 9Li, and He;Li is each lifetime. These tting results are 271455 and 514:528 event
for dQ > 106 case and dQ < 106 dL < 300 cm case, respectively shown in Fig.6.2 as
red lines. The fraction of 9Li is estimated by the tting result of RLi, and its likelihood
analysis is shown in 6.4. In this analysis, 9Li has 100% contribution to 8He/9Li-like
events.
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Figure 6.2: Time distribution of 8He/9Li prompt events from last muon event: (Left
Upper) for showering muon, (Right Upper) for non-showering muon with dL < 3 m, and
(Lower) for non-showering muon with dL > 3 m, where dL means the distance from
muon track.
distance from muon track [cm]
0 100 200 300 400 500 600 700 800 900 1000
Ev
en
ts
/1
0c
m
0
10000
20000
30000
40000
50000
60000
70000
80000
90000
95.11 % within 3m
 p.e.6dQ < 10
Figure 6.3: Spallation neutron event distribution from the non-showering muon track.
Blue histogram is all event, and shadowed region indicates within 300 cm cylinder area
along with muon track. Vertical dashed line shows the 300 cm from the muon track.
This gure founds the 95.11% eciency of the 300 cm cylinder cut for non-showering
muon.
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Figure 6.4: The fraction of Li and number of events; (Left) for showering muon case,
(Right) non-showering muon case. 9Li is 100% of observed 8He/9Li events.
As a result, from the estimated number of events and the cylinder cut eciency, the
number of 9Li backgrounds for each muon case is
N showeringsurvival = 2714 exp ( 2=0:2572)
= 1:14 0:02 [events]; (6.3)
Nnon showeringsurvival = (514:5 exp ( 2=0:2572))
1  cylinder
cylinder
= 26:65 1:45 [events]: (6.4)
Totally, the number of 9Li backgrounds are estimated as 27:79 1:45 events.
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6.3 Fast Neutron
Figure 6.5: Schematic of fast neutron background in KamLAND and cosmic muon.
Fast neutrons, which are generated by cosmic muons via interaction in/out of Kam-
LAND detector, scatter protons in ID and make a mimic IBD. Prompt signal is a scat-
tered proton, and delayed signal is a thermalized neutron capture. Its scheme is drawn
in Fig.6.5. In many cases, such incident cosmic muons make a lot of charged secondary
particles, and they are tagged in OD via Cherenkov photons. Therefore, we can identify
it is cosmic muon derived event. However, the following cases are not found:
 muons go through the insensitive area for KamLAND OD and make energetic
neutrons
 muons go through rock at around KamLAND and make energetic neutrons but no
incoming charged particles to KamLAND OD.
Since we know the fast neutron events with only OD-muon tagging case, fast neutron
backgrounds need to be estimated by simulation. For the estimation of the fast neutron
backgrounds without no-tagged by OD, followings are simulated.
 the muon ux at Kamioka area via MUSIC [72]
 the IBD reaction with spallation products in KamLAND by Geant4 [61] based
KamLAND geometry
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 the reaction of Cherenkov photon at OD by Geant4 based KamLAND geometry
This section describes the fast neutron events in real data with OD-tagged case and
the background simulation.
6.3.1 Real Data Selection
Fast neutron from data is estimated with delayed coincidence (DC) selection like IBD of
e but it is chosen the OD tagged case (N
OD
hit > 5 hits for before OD refurbishment and
NODhit > 9 hits for after OD refurbishment) and no ducial volume cut. Also, in order to
suppress the low-energy accidental contamination on fast neutron event estimation, lower
energy threshold sets as Eprompt > 7:5 MeV where is enough upper energy of accidental
beta/gamma-ray from 208Tl. Fig.6.6 shows the fast neutron event prole selected from
real data with OD tagged case, and its vertex is shown in Fig.6.7. The prompt energy
spectrum of fast neutron is estimated to be at shape, and there are many events at
around balloon edge (R  650 cm). Estimated event rate is 161:46 3:64 [evt/yr] with
OD muon tagging and 7.5 - 50 MeV prompt energy range.
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Figure 6.6: Fast neutron events selected from real data by DC selection with OD muon
tagging. Fiducial volume cut is not taken, and prompt energy range sets as 7.5 - 50
MeV. (Top Left) the prompt energy spectrum, (Top Right) the delayed energy spectrum,
(Bottom Left) the space correlation between prompt and delayed event, and (Bottom
Right) the time correlation between prompt and delayed event.
Above estimation is used for just validity checking of the following simulations.
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Figure 6.7: The prompt vertex of fast neutron selected from real data by the DC selection
with OD muon tagging. Horizontal axis is 2 = x2 + y2, and vertical axis is z position
of prompt events. Fiducial volume is not cut and energy range is set as 7.5 - 50 MeV.
6.3.2 Muon Flux Simulation
Muon ux is simulated with MUSIC (MUon SImulation Code) [72] developed for muon
simulation written in FORTRAN. MUSIC calculates the interaction probability and
muon energy with Monte Carlo (MC) method. Considering the Mt.Ikenoyama topologi-
cal map (Fig.6.8) where KamLAND locates at, surrounding rock model is estimated as:
average rock density rock = 2:70 g=cm
3, average atomic units hZi = 10:13, hAi = 20:42,
and radiation length hi = 25:966 g=cm2. The details of this muon ux simulation are
described in published KamLAND paper [66] studied for cosmic muon induced various
spallation.
Obtained muon ux is shown in Fig.6.9 and Fig.6.10. These results are used in next
fast neutron simulation as primary particles with KamLAND geometry.
6.3.3 Fast Neutron Generation Simulation
For the simulation how fast neutron reacts in KamLAND, KLG4sim toolkit is useful
which is base on Geant4 code [61] and written the KamLAND geometry*1.
Firstly, the fast neutron simulation operates any photon emission for the speeding.
In next step, Cherenkov photons in OD are considered for OD-tagging.
*1In this analysis, KLG4sim-g4.9.6.v2.1.2 is used and modied. NeutronHP physics model is addition-
ally installed, and Cherenkov photon emission is turned on.
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Figure 6.8: Mt.Ikenoyama topological prole [73]. The black point near the center is the
location of KamLAND. Figure is adopted from the article [66].
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Figure 6.9: Cosmic muon angler distributions at KamLAND site. Red solid line indicates
KamLAND data, and blue dashed line is simulation result. Figure is adopted from [74].
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Figure 6.10: Simulated muon energy spectrum at KamLAND site. Its averaged energy
is approximately 260 GeV.
Geometry
KLG4sim geometry is faithful to original of KamLAND: ID, OD, PMTs, water, LS,
balloon, kevlar ropes, stainless-steel tank, and surrounding rock. In this energy deposit
simulation, Cherenkov and scintillation lights are o because optical photon simulation
needs a long time.
Since the KamLAND OD is refurbished in 2016 (Sec.2.5), each type of geometry is
built.
Primary Muon Condition
Primary particles in Geant4 are based on the obtained muon ux information from
MUSIC simulation: energy, momentum, and vertex. Its primary muon is randomly
selected and driven to KamLAND geometry from 20 m radius disk at the 20 m upper
of the detector.
The number of driven incident muons is 24108 corresponding to 40.35 yr-simulation,
considering the muon ux at KamLAND area 1:5  10 7 [=cm2=sec] [66] and primary
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generation disk:
(simulation livetime) =
(number of incident muons)
(muon ux [=cm2=sec]) (primary disk [cm2]) (6.5)
=
(24 108)
(1:5 10 7) (  20002) (6.6)
= 40:35 [yr-simulation]: (6.7)
Prompt Event Identication
Prompt event is triggered by scattered proton or nuclei. Thus, the prompt event gate is
opened for 200 nsec from the (in-)elastic scattering event of neutron or hadron in ID*2.
Prompt energy is summed up the total energy deposit from various charged particles
within prompt event gate, considering with the quenching factor (discussed at Sec.6.5).
The vertex and timing are estimated with energy-deposit-weight-mean as
Eprompt =
X
i
Ei; (6.8)
~xprompt =
P
iEi  ~xiP
iEi
; (6.9)
Tprompt =
P
iEi  TiP
iEi
: (6.10)
Delayed Event Identication
Delayed event is a neutron capture event on proton. So that, tracking neutrons until
\nCapture" is called, delayed event vertex determines the captured point.
Record Charged Particle Tracking in OD
To evaluate how many OD PMTs detect Cherenkov photons, Cherenkov photon simula-
tion in OD is needed. However, optical photon simulation has too high time-cost. Here
tracking is only recorded for charged particles in OD with over Cherenkov threshold.
After this fast neutron selection, optical photon is simulated as next subsection.
Delayed Coincidence Selection
Simulated prompt and delayed candidates are selected by delayed coincidence selection:
R < 200 cm, 0.5 < T < 1000 sec, 7:5 < Eprompt < 50 MeV, and ImpactParameter
(Sec.3.6) > 900 cm. ImpactParameter < 900 cm case corresponds to the muon going
through ID, and is vetoed by after muon cut in real data.
*2Especially, \physicsScinti" region.
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6.3.4 Optical Photon Simulation
After the delayed coincidence selection for simulated fast neutrons, optical photon sim-
ulation in OD is operated for only the selected fast neutron candidates. Using geometry
is the same, but Cherenkov photon only generated in OD.
Geometry
Geometry is same as previous energy deposit simulation, and two type of OD geometries
are built for before/after OD refurbishment.
Primary Cherenkov Photons
Using the track of charged particles in OD from previous energy deposit simulation,
Cherenkov photons only are produced in OD via \G4Cerenkov" code of Geant4. Photon
tracking simulation in OD is operated and obtains hit information of OD-PMT.
Applying OD Bad-Channel Table
For the estimation of how Cherenkov photon hits in OD for fast neutron event, the
simulated OD hit-map applies the OD bad-channel table. Here, it needs to consider the
OD ineciency by the increasing OD bad-channels during the KamLAND-Zen 400 phase.
So that, each OD bad-channel table is taken of: (i) before purication in which less OD
badch exist, (ii) after purication in which still less, and (iii) during the KamLAND-Zen
400 phase in which a lot of badch exists.
6.3.5 Simulation Result for Before OD Refurbishment
Finally, OD muon tagging (NODhit < 5 selection) is applied for simulated fast neutron
DC candidates. In case of the OD badch setting at early KamLAND (run number
2887) phase, remnant fast neutron events are shown in Fig.6.11 and 14 [evt/40.35yr/7.5-
50MeV]. On the other hand, the other phase case soon before the KamLAND-Zen 400
(run number 9062), the number of remnant fast neutron events is 17 [evt/40.35yr/7.5-
50MeV] as shown in Fig.6.14. As changing ducial volume and OD bad-channel tables,
their remnant backgrounds are summarized in Tab.6.2. Fiducial radius 600 cm case has
more fast neutron backgrounds than 550 cm case. Furthermore, the inuence which the
number of OD bad-channels is increasing (Sec.3.4) causes the increase of fast neutron
backgrounds in 600 cm radius case, but 550 cm case looks not so dierent and stable
number of backgrounds.
Comparing with real data under the NODhit  5 selection, Fig.6.13 shows the event
distributions as a function of (R=650 cm)3 and the prompt energy spectrum with 550 cm
ducial radius. The dierence of energy spectrum shape is included in 100% systematic
uncertainty as described on later.
Assuming the at spectrum shape of the prompt energy, the number of backgrounds
for 0.9 - 30 MeV at 550 cm ducial radius with old OD geometry is 0:288  0:0700stat
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Figure 6.11: Fast neutron event from simulation data with OD muon tagging for
run002887 OD bad-channel table. (Upper Left) prompt energy spectrum, (Upper Right)
time correlation, (Lower Left) space correlation, and (Lower Right) prompt and delayed
vertex distributions. Three black dashed lines represent the radius 550 cm, 600 cm, and
650 cm. Blue shadowed histogram is simulated fast neutron events without OD muon
tagging, and red one is after OD muon tagging applied.
Table 6.2: Simulated fast neutron backgrounds with each OD bad-channel table applied.
ducial radius applying badch table number of background
[runnumber] [evt/40.35yr/7.5-50MeV]
2887 14
6800 16
550 cm 9062 17
12247 17
13164 16
2887 34
6800 37
600 cm 9062 39
12247 42
13164 42
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Figure 6.12: Simulated fast neutron prole, basically the same as Fig.6.11 but run009062
OD bad-channel table is applied case. (Upper Left) prompt energy spectrum, (Upper
Right) time correlation, (Lower Left) space correlation, and (Lower Right) prompt and
delayed vertex distribution. Three black dashed lines represent the radius 550 cm, 600
cm, and 650 cm. Blue shadowed histogram is simulated fast neutron events without OD
muon tagging, and red one is after OD muon tagging applied.
164 CHAPTER 6. BACKGROUND ESTIMATION
3(Rp/650cm)
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Sc
al
ed
 E
ve
nt
s
0
0.05
0.1
0.15
0.2
0.25
0.3 data
simulation
(a) Radius distribution
Energy [MeV]
10 15 20 25 30
Ev
en
ts
[/0
.5M
eV
]
3−10
2−10
1−10
1
data
simulation
(b) Prompt energy spectrum shape
Figure 6.13: Comparing fast neutron simulation and real data. Red line represents
real data and blue line is simulation data. (a) (radius)3 dependence and (b) prompt
energy spectrum for 7.5 - 30 MeV with 550 cm ducial. Since the simulation is searched
only scintillator region, there are less events at (Rprompt=650 cm)
3 > 1. Real data is
reconstructed with the uctuation of the vertex resolution.
[evt/yr/0.9-30MeV]. Hence, scaling with livetime in this thesis, it becomes 3:070:744stat
[evt] for DS-1  DS-3.
6.3.6 Simulation Result for After OD Refurbishment
As a result, new OD geometry simulation with OD muon tagging (NhitOD < 9) gives
9 [evt/40.35yr/7.5-50MeV] as shown in Fig.6.14. It corresponds to 0:322  0:0740stat
[evt/yr/0.9-30MeV] under assuming the at-shape energy spectrum. Here, the bad-
channel table uses one of after OD refurbishment. Therefore, with the livetime scaling
to the dataset of this thesis, 0:266  0:0611stat [evt] for after OD refurbishment phase
(DS-4).
6.3.7 Summary of Fast Neutron Background
Totally, the number of fast neutron background events is expected to be 3:33 0:746stat
[evt] for DS-1  DS-4. However, this simulation has the uncertainty about the number of
produced neutrons in rock, water, or other geometries. For the conservative background
estimation, the fast neutron background takes 100% systematic uncertainty. In short,
the expected fast neutron background is 3:33 3:33 [evt] for all data set.
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Figure 6.14: Simulated fast neutron prole with new OD geometry. (Upper Left) prompt
energy spectrum, (Upper Right) time correlation, (Lower Left) space correlation, and
(Lower Right) prompt and delayed vertex distribution. Three black dashed lines repre-
sent the radius 550 cm, 600 cm, and 650 cm. Blue shadowed histogram is simulated fast
neutron events without OD muon tagging, and red one is with OD muon tagging.
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6.4 Accidental Backgrounds
Although the delayed coincidence (DC) event selection for inverse beta decay has little
background contamination, a single accidental event is observed as a delayed event. The
dominant accidental single background at around 2.2 MeV, where is a delayed energy
region of DC selection, is 208Tl from the contaminatino of ID steel sphere tank, the outer
balloon, and other detector components. These accidental backgrounds exist a lot at
the outer of ducial volume and have lower prompt energy.
The number of accidental backgrounds is estimated from data with the likelihood
selection (likelihood selection is described in Sec.5.3). While the on-time window for
anti-neutrino selection is 0.5 - 1000 sec, the o-time window is selected as 0.2 - 1.2 sec
considering the cosmic muon eects on delayed coincidence selection within 2 msec after
the high energy events. Its otime-ontime scaling factor is
ScalingFactor  Ontime window (0:5  1000 [sec])
Otime window (0:2  1:2 [sec]) = 0:9995 10
 3: (6.11)
Prompt energy spectrum is shown in Fig.6.15, and vertex distribution is shown in
Fig.6.16. Accidental IBD events exist at the near of outer, especially equator where
OD water is thin. Thanks to the likelihood selection, the accidental background is very
suppressed with O(10 2). Since the number of observed accidental IBD for 0.9 - 30
MeV is 13 598 event, the estimated accidental background is 13:59 0:117.
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Figure 6.15: Prompt energy spectrum of the accidental IBD background. Without
likelihood selection (LH) case has too many events  O(102). Blue shadowed region of
each gure is same prompt energy spectrum after LH.
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-time window.
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6.5 Alpha N Interaction
The (, n) interaction is the reaction of  particle capture on a nucleus and neutron emis-
sion. Neutrons from (, n) interaction also make a background for the anti-neutrinos.
The dominant -particle inducing radioactivity is 210Po, which is a daughter nucleus
of 210Pb in 222Rn decay chain. The 222Rn contamination comes from the LS lling,
circulation, and inner-balloon installation. Although 210Pb is accumulated due to its
long half-life of 22.3 years, the (, n) backgrounds are estimated from the 210BiPo data
(210BiPo estimation is described in Sec.4.4.3).
Table 6.3: List of target nuclei of (, n) interaction.
Isotopes Q Value [MeV] Threshold [MeV] Natural Abundance [%]
1H -23.68 115.4 99.985
2H -4.190 12.50 0.015
3H -4.783 11.12 -
12C -8.502 11.34 98.90
13C 2.216 0 1.10
14C -1.818 2.337 -
14N -4.735 6.088 99.634
15N -6.419 8.131 0.366
16N 1.526 0 -
16O -12.13 15.17 99.762
17O 5.867 0 0.038
18O -0.6962 0.8510 0.200
19O 5.713 0 -
Tab.6.3 lists the target nuclei of (, n) interaction. The contributions of the large
threshold targets and the small natural abundance targets are negligible. Fig.6.17 shows
the total cross-sections of (, n) interaction for various target nuclei. 13C(; n)16O
interaction is dominant for 5.304 MeV  particle from 210Po, and others are negligible.
Firstly the energy spectrum of this interaction is discussed, after that, its uncertainties
are discussed.
6.5.1 13C(; n)16O Interaction
Fig.6.18 shows the energy levels of 16O, and Fig.6.19 shows the total cross-section of
13C(; n)16O. Considering the 5.304 MeV  particle from 210Po, the (, n) background
candidates are as follows:
 ground state: 13C(; n)16O
 1st excited state: 13C(; n)16O (6.049 MeV)
 2nd excited state: 13C(; n)16O (6.130 MeV).
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Figure 6.17: Total cross-section of (, n) interaction for various target nuclei in Kam-
LAND [59]. The cross-sections are normalized to the natural carbon abundance consid-
ering the chemical composition of the KamLAND-LS.
Figure 6.18: 16O energy levels.
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Figure 6.19: Total cross-section of 13C(, n)16O interaction in KamLAND [59]. Consid-
ering with 5.304 MeV  particle from 210Po, background interactions for anti-neutrino
selection are the ground state (red), the rst excited state(green), and the second excited
stat(blue).
The interactions of 13C(; n)16O in KamLAND are shown in Fig.6.20. The prompt
signals are the recoiled proton 4.428 MeV , 6.046 MeV e+e  from the rst excited
state, and 6.129 MeV  from the second excited state.
Cross Section Calculation
The cross-section of 13C(; n)16O is calculated based on two types of database, JENDLE
calculation (2003) [75] and S.Harissopulos et al. calculation (2005) [76].
 JENDLE (2003):
{ 20% accuracy in the total cross-section calculation
{ cross-sections are calculated for all states separately
 S.Harissopulos et al. (2005):
{ 4% accuracy in total cross-section calculation
{ specify only the total cross-section
In order to improve the uncertainty of cross section calculation, the cross-section of ex-
cited state by JENDL (2003) is subtracted from the total cross-section by S.Harissopulos
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Figure 6.20: 13C(; n)16O interaction in KamLAND.
et al. (2005). The cross-section to the ground state is calculated as follows;
g:s:(E) = total(E)  1st (En1)
(En0)
  2nd (En2)
(En0)
; (6.12)
(En) = a1 + a2  (En   a3)  exp ( a4En) + a5  (En + a6)  exp ( a7En);
0BBBBBBBB@
a1
a2
a3
a4
a5
a6
a7
1CCCCCCCCA
=
0BBBBBBBB@
0:79042
0:01073
513:1884
6:0439
0:1607
247:0738
0:11416
1CCCCCCCCA
;
where (En) is the neutron detection eciency as shown in Fig.6.21.
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Figure 6.21: Neutron detection eciency as a function of neutron energy [59].
Neutron Expected Spectrum
The number of 13C(; n)16O is calculated as follows:
N =
Z 0
E0
dE

  dN
dE

; (6.13)
  dN
dE
= ntarget  Isource  (E) 

  dX
dE

;
where
N : number of neutrons
E :  energy
E0 : initial  energy
ntarget : number of target nuclei of
13C per unit volume of the liquid scintillator
Isource : source intensity
(E) : (; n) cross section
dX
dE
: stopping power
The stopping power (dX=dE) in the KamLAND-LS is estimated with the Monte Carlo
(MC) simulation. The neutron energy depends on the scattering angle. In the laboratory
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frame, the neutron momentum is described as
plabn =
p
(Ecmn + p
cm
n cos 
cm)2 + (pcmn sin 
cm)2 (6.14)
 =
plab + p
lab
C
Elab + E
lab
C
(plabC
= 0; ElabC =MC)
 =
1p
1  2
where \lab" and \cm" indicate \the laboratory frame" and \the center of mass frame",
respectively. The angular distribution of neutrons can be expressed as a Legendre-
polynominal [77, 78]. Hence, the neutron energy spectrum is
n(Elab) =
Z 0
E0
dE
Z
d
   (
; E; En)  ntarget  Isource  d
d



  dX
dE

; (6.15)
d
d

=
X
l
AlPl(cos );
where,
En : neutron energy

 : scattering soild angle
 (
; E; En) :

1 (momentum conservation case)
0 (or not)
Al : coecients of Legendre polynomial
Pl(cos ) : Legendre polynomial:
Fig.6.22 shows the neutron energy spectrum of 13C(; n)16O interaction.
Figure 6.22: Neutron energy spectrum of 13C(; n)16O interaction [59].
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6.5.2 Uncertainties of (, n)
Precise Measurement of Proton Quenching Factor
One of the prompt signals in a mimic IBD from 13C(; n)16O interaction is a proton
recoil event via neutron elastic-scattering. The visible energy of charged particle like a
proton is quenched in LS, and it has the uncertainty. To recognize this uncertainty, the
precise measurement of proton quenching factor was operated.
The proton quenching factor measurement was performed at the OKTABIAN facility,
Osaka University, using a monochromatic neutron beam. Incident beam is a collimated
14.1 MeV neutron produced by 3H(d, n)4He reactions, with changing the scattering
angle. Target liquid scintillator is a KamLAND-LS sampling from the center of Kam-
LAND detector with specialized equipment. The details of this setup are described in
the reference [79].
Here, the quenching eect in LS is evaluated with Birk's formula [62]:
dL
dx
=
S
 
dE
dx

1 + kB
 
dE
dx
 ; (6.16)
where kB is the Birk's constant, L is the luminescence, and S is the absolute scintillation
eciency. Chou proposed an empirical extension of Birk's formula to better reproduction
to observe the light output at low energies [80],
dL
dx
=
S
 
dE
dx

1 + kB
 
dE
dx

+ C
 
dE
dx
2 ; (6.17)
where C is an adjustable constant parameter for higher order correction. Furthermore,
taking into account for the steep increase of quenching factor at low energy, Birk's
formula becomes to [81],
dL
dx
=
Se
 
dE
dx

e
+ Sn
 
dE
dx

n
1 + kBe
 
dE
dx

e
+ 1 + kBn
 
dE
dx

n
; (6.18)
where e and n terms are electronic energy loss and nuclear energy loss, respectively.
Therefore, from Eq.6.17 and Eq.6.18, Birk's formula (Eq.6.16) is extended with high
order correction:
dL
dx
=
Se
 
dE
dx

e
+ Sn
 
dE
dx

n
1 + kBe
 
dE
dx

e
+ Ce
 
dE
dx
2
e
1 + kBn
 
dE
dx

n
: (6.19)
Fig.6.23 shows the proton quenching factor as a function of the scattered proton
energy. The data points (black points) are tted with Eq.6.16 (dotted curve) and Eq.6.17
(dashed curve). Obtained best-t parameters are kB = 1:34  10 2 [g=cm2=MeV] for
Eq.6.16, and kB = 7:79  10 3 [g=cm2=MeV] and C = 1:64  10 5 [(g=cm2=MeV)2]
for Eq.6.17. The solid line is the computed Eq.6.19 with using the best t result. The
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fraction of the nuclear energy loss for proton is relatively small and negligible in the
measured energy range. From these tting results, the uncertainty of the measured
proton quenching factor is suppressed to be below 2.0%. The prompt energy simulation
of 13C(; n)16O interation uses these data.
Figure 6.23: Proton quenching factor as a function of the scattered proton energy (left
gure). Figures are taken from the article [79]. The dotted curved represents the Birk's
formula (Eq.6.16) with the best t parameter kB = 1:34  10 2 [g=cm2=MeV]. The
dashed line shows the best t function using Eq.6.17 with kB = 7:7910 3 [g=cm2=MeV]
and C = 1:64  10 5 [(g=cm2=MeV)2]. The solid line indicates the calculated line of
Eq.6.19 using the best t parameter of Se=Sn = 0:371 which is taken from carbon data.
The nuclear energy loss term in Eq.6.19 does not largely aect the responce curve.
Source Calibration 210Po13C
The branching ratio to 16O also has the uncertainty in (, n) background estimation.
An -ray source calibration in KamLAND used 210Po13C. This calibration source is
constructed with a capsule lled with  0.3 g of Polonium doped 13C powder and a
Delrin space at bottom as Fig.6.24.
Fig.6.25 shows the results of delayed coincidence event selection for 210Po13C source
calibration run at the center of KamLAND. Prompt energy shows the peaks of the
rst excited state, the second excited states, and the ground state of 16O. For the
estimation of uncertainties, obtained spectrum of calibration data and expected spectrum
are compared as shown in Fig.6.26. Hence, the scaling factors of the rst excited state,
the second excited state, and the ground state are estimated as 0.6, 1.0, and 1.05,
respectively. The (, n) uncertainties from the dierence between the simulation and
the real data are suppressed to approximately 10% for the ground state and 20% for the
excited state including 2% of proton quenching factor eects.
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Figure 6.24: Schematic view of 210Po13C source [64].
Decay Rate of 210Po
The number of 13C(; n)16O backgrounds is estimated from the number of 210Po and its
decay rate. Discussion about 210Po estimation is described in Sec.4.4.3, but it has the
ducial volume related uncertainty if 600 cm ducial radius is adopted. Since a lot of
external single events at the near of outer-balloon, 210Po is studied with 5.5 m ducial
radius. If the case of the use of 6.0 m ducial radius is used, 210Po events are scaled
with its ducial volume increasing, and its volume-scale related uncertainty should be
concerned by using the Monte Carlo simulation. Since this thesis selects 550 cm ducial
radius, its volume-scaled uncertainty does not need to be considered.
Summary of (, n) Uncertainty
From above discussions, the uncertainties of (, n) backgrounds are summarized in
Tab.6.4. Their value is approximately 10% and 20% for the ground state and the excited
state, respectively.
Table 6.4: Uncertainties of (, n)
Before Purif. After 1st Purif. After 2nd Purif.
210Po decay rate 2.1% 2.6% 3.2%
Dierence b/w sim. & data 10%/20% for (g.s./1st e.s.)
Total 10.2%/20.1% 10.3%/20.2% 10.5%/20.3%
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Figure 6.25: Delayed coincidence events of 210Po13C source calibration at the center
position in KamLAND. (Top left gure) The prompt energy spectrum has a peak of
6.130 MeV -ray from the second excited state of 16O. A peak at  4.4 MeV corresponds
to the -ray emission from the rst excited state of 12C. A peak at  1.022 MeV is the
annihilation  from the rst excited state. The energy spectrum below 4 MeV shows
the light emission from proton recoil by 13C(; n)16O ground state. (Top right gure)
Delayed energy spectrum has a peak of neutron capture. (Bottom left gure) The spatial
distributions between prompt event and delayed event. (Bottom right gure) The time-
dierence distribution between prompt event and delayed event. The neutron capture
time obtained from the exponential tting is 208.9  0.8 sec and consistents with other
spallation neutron capture data.
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Figure 6.26: Prompt energy spectra of the 210Po13C source calibration data and the
expected. Black points are data of calibration run. Red dashed curve indicates the
expected spectrum summed up each state. Original gure is in [79], and color version is
from [59].
6.5.3 Summary of (, n) Backgrounds
The estimated total number of (, n) backgrounds with the delayed coincidence selection
and the likelihood selection is 161:53 21:07 events as shown in Tab.6.5.
Table 6.5: Summary of (, n) backgrounds.
Background Contribution
13C(; n)16Og:s:; np! np 139.6  16.87
13C(; n)16Og:s:;
12C(n; n0)12C (4.4 MeV ) 5.92  0.73
13C(; n)16O, 1st e.s. (6.05 MeV e+e ) 16.02  3.47
13C(; n)16O, 2nd e.s. (6.13 MeV )
Total 161.53  21.07
Its energy spectrum is shown in Fig.6.22.
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Figure 6.27: Estimated prompt energy spectra of the (, n) backgrounds for all data set
within 550 cm ducial radius.
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6.6 Reactor Neutrinos
There are a lot of nuclear reactors in the world as Fig.6.29. Nuclear power reactor is the
dominant e source for KamLAND. There are about 50 nuclear power reactors in Japan,
but only ve reactors are working now due to the Great East Japan Earthquake and the
Fukushima fall out (Fig.6.28). As the average distance from Japanese reactors to Kam-
LAND location is 180 km, KamLAND has a sensitivity to the neutrino oscillation with
LMA solution and already reported. However, these reactor-e are also backgrounds for
SRN search. Reactor neutrino background estimation is based on the reactor operation
data provided by the electric companies and the e spectrum given by reactor neutrino
measurement.
Figure 6.28: Licensing status of the Japanese nuclear facilities, gure is taken from \The
Federation of Electric Power Companies of Japan" (FEPC) [82].
Fig.6.30 shows the time variation of e ux from Japanese and Korean reactors.
The contribution from Korean reactors is estimated to be (3:4  0:32)% based on the
electric power generation report. In addition, the global nuclear reactors have small
contribution (0:96 0:48)%, which is estimated by using the reactor specications from
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Figure 6.29: Locations of world reactors. The radius of each circle corresponds to
reactor capacity. The colors of blue, purple, red, and black indicate the reactor condition
of operating, stopped, shutdown, and under construction, respectively. The data and
gure are taken from [83].
the International Nuclear Safety Center [84]. Its uncertainty is assigned as half of it.
6.6.1 Reactor Anti-Neutrino Energy Spectrum
Reactor-e is from four isotopes:
235U, 238U, 239Pu, and 241Pu. Their contributions are
99.9% of all reactor neutrino ux.
 235U
thermal neutron absorption and ssion as
235U! A+ B+ 6:1   + 6:1 e + 202 MeV + 2:4 n: (6.20)
 238U
ssion with a fast neutron as
238U+ n (> 1 MeV)! C+D+ 5  7   + 5  7 e + 202 MeV + xn; (6.21)
or 239Pu production via two  decays after thermal neutron capture as
238U+ n ! 239U
! 239Np (6.22)
! 239Pu:
 239Pu
ssion with a thermal neutron as
239Pu + n! E + F + 5:6   + 5:6 e + 210 MeV + 2:9 n; (6.23)
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Figure 6.30: Time variation of e ux from reactors. Black solid line shows the total e
ux. Deep green, magenta, light green, brawn, and red histograms are e uxes from the
Wakasa-bay nuclear plant, the Kashiwazaki nuclear plant, the Shika nuclear plant, the
Hamaoka nuclear plant, and the Korean nuclear plants, respectively. The contribution
from the other nuclear power plants is summarized in blue histogram.
or 241Pu production after the two neutron capture as
239Pu + n ! 240Pu
240Pu + n ! 241Pu: (6.24)
 241Pu
ssion with a thermal neutron as
241Pu + n! G+H+ 6:4   + 6:4 e + 212 MeV + 2:9 n: (6.25)
The energy spectrum is based on the Daya Bay result with a model independent way
[85]. Besides, the small corrections are applied to each reactor spectrum because the
relative ssion yield depends on each reactor operation.
Sreactor = SDaya Bay +
X
i

reactori   Daya Bayi

Si; (6.26)
where i runs four isotopes (235U, 238U, 239Pu, and 241Pu), SDaya Bay is the e spectrum
in Daya Bay, and i is the fractional ssion rate. Si is the e spectrum based on the
models [86, 87].
There are some long-lived beta decay nuclei produced by the ssion of above four
isotopes as Tab.6.6 and calculated from the reactor operation data. 97Zn, 132I and 93Y
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attain equilibrium within ten days.106Ru, 144Ce, and 90Sr have some contribution on the
neutrino ux, and the decay chains of these nuclei are:
106Ru
T1=2=373:6 days          !
Q=0:0394 MeV
106Rh
T1=2=29:8 sec          !
Q=3:541 MeV
106Pd
144Ce
T1=2=284:9 days          !
Q=0:3187 MeV
144Pr
T1=2=12:3 sec          !
Q=2:9975 MeV
144Nd
90Sr
T1=2=22:8 days          !
Q=0:546 MeV
90Y
T1=2=64:1 sec          !
Q=2:282 MeV
90Zr:
Table 6.6: Long-lived nuclei produced by the ssion of 235U, 238U, 239Pu, and 241Pu.
Fission Fragment Half Life Emax Yield [%]
[MeV] 235U 238U 239Pu 241Pu
97Zn 16.9 hr 1.922 5.95 5.50 5.30 4.89
132I 2.295 hr 2.104 4.30 5.16 5.40 4.14
93Y 10.18 hr 2.890 6.40 4.97 3.89 3.51
106Ru 373 day (106Rh) 3.541 0.40 2.55 4.31 6.18
144Ce 285 day (144Pr) 2.996 5.48 4.50 3.74 4.39
90Sr 28.8 yr (90Y) 2.279 5.82 2.10 1.57 3.12
6.6.2 Expected Events from Reactors
The expected number of reactor-e events is calculated with the uxes from all reactors
F j(Ee), the ssion rate R
j
i (t), the distance from reactors Li, and the neutrino oscillation
probability P (Ee ; Li). Anti-electron-neutrino ux as a function of neutrino energy Ee
at the time t can be written as
f(Ee ; t) =
reactorX
i
nucleiX
j
 
Rji (t)
4L2i
 F j(Ee)  P (Ee ; Li)
!
; (6.27)
where i and j represent i-th reactor and j-th ssion nuclei. The neutrino spectrum
n(Ee) can be computed as
n(Ee) =
Z
Np  f(Ee ; t)  (Ee)  (Ee+)dt; (6.28)
where Np is the number of target protons, (Ee) is the IBD cross-section, and (Ee+) is
the detection eciency depends on the prompt energy. Hence, the number of expected
events is given as
Nexpected =
Z
n(Ee)dEe : (6.29)
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The anti-neutrino energy Ee is written as a function of a prompt positron energy
Ee+ :
Ee ' Ee+ ++
1
M

Ee+(Ee+ +) + y
2

; (6.30)
where  =Mn  Mp and y2 = (2  m2e)=2. Therefore, the number of expected events
is
Nexpected =
Z
n(Ee+)dEe+ (6.31)
n(Ee+) =
Z
Np  f(Ee ; t)  (Ee) 
dEe
dEe+
 (Ee+)dt (6.32)
dEe
dEe+
= 1 +
2Ee+ +
M
: (6.33)
With taking account of the time variation of the ssion rate during each run, the time-
integration is approximated by the sum of livetime. The eect of energy resolution ()
is assigned with using convolution as
n0(E0e+) =
Z
n(Ee+) 
1p
2
 exp

 (Ee+   E
0
e+)
2
22

dEe+ : (6.34)
6.6.3 Reactor Related Uncertainty
The reactor related systematic uncertainties are summarized in Tab.6.7.
Table 6.7: Summary of the reactor related uncertainties.
Distance < 0:1%
Thermal power
Japan reactors 2.0%
Korean reactors 0.42%
other reactors 0.63%
Chemical composition < 1:0%
Anti-neutrino spectra 2.39%
Time lag 0.01%
Long-lived nuclei 0.35%
Total 3.38%
Reactor location is provided by Tokyo Electric Power Company (TEPCO), and the
error of distance between KamLAND and each reactor is within 70 m, corresponding to
0.1% in e rate.
With using a simple model of the reactor core for calculating the fuel composition,
developed by TEPCO, the ssion rate is calculated [88]. The uncertainty for e ux is
estimated to be 1.0%, compared with the essential simulation by TEPCO.
The absolute thermal power which normalises the ssion rate is measured to be
within 2% for each reactor. This is determined by the uncertainty of feed-water ow
6.6. REACTOR NEUTRINOS 185
meters which are calibrated within 2%. Conservatively, this uncertainty is assumed to
be correlated across all reactors, but some potentially uncorrelated components have
been put forward in [89].
Since the ssion rate becomes in equilibrium within one day, the time-lag uncertainty
is considered with the estimation of the dierence between the total e yield and the
shifting runtime in a day. Its uncertainty is assigned as 0.01%.
The neutrino energy spectra and the uncertainties of four ssile nuclei are given in
[90, 91, 92]. The neutrino spectra uncertainty is given as 2.39% and is assigned to the
uncertanty of e detection.
6.6.4 Summary of Reactor Neutrino Background
Fig.6.31 is the reactor e energy spectrum as a function of prompt energy. Finally,
the expected background is 1661.66  69.4 for all dataset and 68.39  8.6 for the
reactor-o phase (DS-3 and DS-4). The neutrino oscillation parameters are used as:
tan2 12 = 0:436
+0:029
 0:025, m
2 = 7:53+0:18 0:18  10 5 eV2, and sin2 13 = 0:023+0:002 0:002 [93].
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Figure 6.31: Expected reactor neutrino background energy spectrum for all dataset
within 550 cm ducial radius.
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6.7 Geo Neutrinos
The Earth is also e source from the radioactive isotopes of
238U, 232Th and 40K as
238U ! 206Pb + 8 4He + 6 e  + 6 e + 51:7 MeV (6.35)
232Th ! 208Pb + 6 4He + 4 e  + 4 e + 42:7 MeV (6.36)
40K     !
89:28%
40Ca + e  + e + 1:311 MeV (6.37)
40K+ e     !
10:72%
40Ar + e + 1:505 MeV: (6.38)
These neutrinos are called \geo-neutrinos" which gives the information about radiogenic
heat generation in the Earth. From the well-established formula of the beta decay energy
spectrum, geo-neutrino energy spectrum can be written with the maximum election
energy Emax as
dN(Ee+) =
G2F jM j2
23~7c5
 F (Z;Ee+)  (Emax   Ee+) 
q
E2
e+
 m2ec4  Ee+  dEe+ (6.39)
Ee = Emax   Ee+ (6.40)
where F (Z;Ee+) is the Fermi Function corresponding to the eect of electron eld of
nuclei:
F (Z;Ee+) = 2  (1 + ) 

2R
p
W 2   1
2( 1)  exy   ( + iy)2j (2 + 1)2j (6.41)
 =
p
(1  (Z)2)
W =
Ee+
mc2
y = Z
Wp
W 2   1
R = 0:426A1=3
 = e2=~c = 1=137:035989
With considering the radioactive equilibrium, the e energy spectrum is given by the
summing up the normalized spectra of every beta-decays as
dN
dEe
=
X
isotope
X
branch
Risotope Rbranch 

1
N
dN
dEe

isotope; branch
(6.42)
Risotope =

1 (decay series head)P
parent
P
branchRparent Rbranch (daughter isotopes)
(6.43)
where Rparent=isotope is the production rate of a parent and an isotope, and Rbranch is the
branching ratio of beta-decay.
Fig.6.32 shows the energy spectrum of geo-neutrinos from U-series, Th-series, and
40K. Fig.6.33 shows the geo-e background spectrum in KamLAND, and the expected
number of backgrounds is 138.6 27.7 with assuming the geo-model provided by Enomoto
et al : [94].
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Figure 6.32: Geo-e energy spectrum of U-series, Th-series, and
40K. Figure is adopted
from [95]. Vertical dashed line corresponds to 1.8 MeV neutrino energy where is the
threshold of IBD reaction. Therefore, 40K has no contribution to geo-neutrinos in Kam-
LAND.
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Figure 6.33: Geo-e background spectrum for all data set within 550 cm ducial radius.
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6.8 Atmospheric Neutrinos
The atmospheric neutrinos (e, , e, and ) are produced via the interaction of the
cosmic rays with the nuclei in the atmosphere as
 !  +  () (6.44)
#
 ! e + e (e) +  () : (6.45)
Here, the atmospheric neutrino ux used in this thesis is the Honda ux [96] as shown
in Fig.6.34.
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Figure 6.34: Atmospheric neutrino ux at KamLAND site. Drawn data is based on the
Honda ux [96].
In the KamLAND detector, those atmospheric neutrinos react with carbon nuclei in
LS as follows:
 Charged current quasi-elastic interaction :
 ()! l N 0
 Charged current single-pion production through  resonance :
 () N ! l  N 0
 Charged current multi-pion production :
 ()! l m N 0 (for m  1)
 Neutral current quasi-elastic interaction :
 () N !  () N 0
 Neutral current single-pion production through  resonance :
 () N !  ()  N 0
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 Neutral current multi-pion production :
 () N !  () m N 0 (for m  1)
where l represents charged lepton (e or ), and N(N 0) is a proton or a neutron. In
above reaction list, neutron emission process makes a mimic SRN event as
 Neutral current (NC)
 + 12C !  + n+ 11C (6.46)
 + 12C !  + n+ 11C (6.47)
 Charged current (CC)
e + p ! e+ + n (6.48)
 + p ! + + n (6.49)
 +
12C !   + n+ 11N (6.50)
 +
12C ! + +X (6.51)
# 78:8%
12C(; 
+n)11B
! 12C(; +n)11Bg:s: (33:6%) (6.52)
! 12C(; +n)11Bg:s: (22:0%) (6.53)
! 12C(; +np)10C (2:8%) (6.54)
! 12C(; +2n)10B (7:8%) (6.55)
! 12C(; +n)7Li (12:7%) (6.56)
To estimate the atmospheric neutrino backgrounds, Monte Carlo simulation is per-
formed with Geant4-based KamLAND geometry [97]. In this section, the backgrounds
from charged-current and neutral-current are individually discussed.
6.8.1 Charged Current (CC)
The cross-section in Fig.5.5 is used for the calculation of the number of e interactions
on proton. On the other hand for  interactions, the cross-section is calculated by
MiniBooNE collaboration [98] as shown in Fig.6.35, and the branching ratios [99] are
used for the calculation.
In the charged current (CC) case, most of interactions with 12C are analytically
removed by the muon veto. Therefore, the main background from atmospheric neutrino
CC is  interaction with proton as
 + p ! + + n
# ( 2:2 sec) (6.57)
+ ! e+ + e + :
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Figure 6.35: Cross section per a nucleon of muon anti-neutrino interactions on 12C (left)
and on free proton (right).
Prompt event in this reaction can be either muon or its decay positron. As a result of
MC simulation, their uniform distributions are shown in Fig.6.36, prompt-delayed space
correlation is shown in Fig.6.37, and the prompt energy spectrum is shown in Fig.6.38.
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Figure 6.36: R3 distribution of the muon-prompt event (left) and positron-prompt event
(right). Figure is taken from [97].
The number of atmospheric neutrino CC backgrounds, considering the livetime scal-
ing and assuming energy spectrum with the linear formula, is estimated to be 1.42 
0.36 for all dataset and 0.53  0.13 for the reactor-o period (DS-3 and DS-4).
6.8.2 Neutral Current (NC)
The cross-section of the NC interaction on 12C (Eq.6.46 and Eq.6.47) is not well-
established yet. Hence, its uncertainty becomes large. The uncertainties of atmospheric
neutrino NC background come from the atmospheric neutrino ux and the cross-section.
According to the calculation by Honda et al: [96], atmospheric neutrino ux uncertainty
is about 22%. For the estimation of the number of atmospheric neutrino NC background
with 12C interaction, the cross-section of free-protons is used, and the nuclear eects are
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Figure 6.37: Prompt-delayed space correlation for muon-prompt event case (left) and
positron-event case (right). Figure is adopted from [97].
Figure 6.38: Prompt energy spectrum of atmospheric neutrino CC background [97].
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applied. The maximum uncertainty of the cross-section for the interaction with neu-
trino and free-proton is 18% from the neutrino beam measurement [100]. In short, the
combined uncertainty is
p
0:222 + 0:182 = 28:4%. The cross-section on free neutron can
be obtained from the cross-section on free proton, that is calculated in [100]. Fig.6.39
shows the cross section of 1.25 GeV neutrino and free proton/neutron as a function of
squared momentum transfer.
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Figure 6.39: The momentum transfer cross section of free proton and free neutron with
1.25 GeV neutrino.
The neutron emission from 12C has two type modes: from the s1=2 shell and p3=2
shell of the carbon atom. 12C has four neutrons in the P-shell (outer shell) and two
neutrons in the S-shell (inner shell). The ratio of neutron emission from the P-shell
and the S-shell is 2=3 : 1=3, respectively. In the case of the P-shell emits neutron, 11C
decays with 2 MeV gamma-ray. On the other hand, the case of neutron emission from
the S-shell is more complicated with de-excitation of 11C [101] as
11C !  (2 MeV)
11C ! p  10B
11C ! p  6Li
11C ! p p 9Be:
The neutron emission from the outer shell gives the main contribution to atmospheric
neutrino NC background.
As a simulation result, the spatial distribution of background from NC with 12C
(outer shell), the space-correlation between prompt and delayed event, and the prompt
energy spectrum are shown in Fig.6.40, Fig.6.41, and Fig.6.42, respectively.
The number of atmospheric neutrino NC backgrounds, considering the livetime scal-
ing and assuming the obtained energy spectrum shape as Fig.6.42, is estimated to be
29.33  8.42 for all dataset and 10.09  3.13 for the reactor-o period (DS-3 and DS-4).
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Figure 6.40: R3 distribution of the neutral current (outer shell) background events [97].
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Figure 6.41: Space correlation for prompt and delayed events for neutral current inter-
action (outer shell) [97].
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Figure 6.42: Prompt energy spectrum of atmospheric neutrino NC background (outer
shell) [97].
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6.8.3 Summary of Atmospheric Neutrino Background
Atmospheric neutrino CC/NC background spectrum is shown in Fig.6.43, and the num-
ber of events is expected as Tab.6.8. Due to the large uncertainty, the background of
atmospheric neutrino NC is treated as a free parameter in the SRN analysis (Chap.7)
with the assumption of obtained energy spectrum shape.
Table 6.8: Summary of atmospheric neutrino backgrounds.
Interaction Expected
Charged current 1.42  0.36
Neutral current 29.33  8.42
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Figure 6.43: Atmospheric neutrino background spectrum shapes within 550 cm ducial
radius. Red line is the background from CC interactions. Green and blue lines corre-
spond to background from NC interactions with neutron emission from inner and outer
shells of carbon atom, respectively. Black line is the total background [97].
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6.9 Other Negligible Backgrounds
6.9.1 Spontaneous Fissions
There are several spontaneous ssion isotopes in the uranium, thorium, actinium, and
neptunium series with neutron emission.
 U-series (238U, 234U, 230Th)
The number of 238U spontaneous ssion events is estimated by 234Pa events assum-
ing the radiation equilibrium. Fig.6.44 shows the 234Pa upper limit expectation
and 4:3  106 events. Considering 238U branching ratio 5:45  10 5% as shown
in Tab.6.9, the upper limit of the 238U spontaneous ssion is 2:34 events. In the
delayed-coincidence selection of e, this reaction produces an approximately 6 MeV
gamma-ray prompt event [102]. With comparing the other dominant backgrounds
at that energy region, such as O(103) events of reactor-e, 238U spontaneous ssion
events is negligible.
The other U-series isotopes have 4 - 6 order smaller branching ratio than 238U,
and their contribution is also negligible.
 Th-series
The number of 232Th is estimated to be 3:09 104 decays by 212Bi-212Po delayed-
coincidence. Considering the branching ratio of each isotope (Tab.6.9), sponta-
neous ssion is estimated to be less than 1:8 10 6 events and negligible.
 Ac-series, Np-series
These series are not exist in nature; therefore, these contributions are negligible.
In short, all spontaneous ssion events can be considered as negligible.
Table 6.9: Summary of spontaneous ssions.
Group Isotope Mode Branching ratio
238U! 226Ra 238U spontaneous ssion 5:45 10 5%
234U spontaneous ssion 1:64 10 9%
234U 234U! Ne + X 9 10 12%
234U 234U! Mg +X 1:4 10 11%
230Th spontaneous ssion < 3:8 10 12%
226Ra! 210Pb 210Tl 210Tl! 209Pb + n 7 10 3%
232Th! 208Pb 232Th spontaneous ssion < 1:8 10 9%
228Th 228Th! 20O+ n+ ::: < 1:8 10 9%
224Ra 224Ra! 14C+X < 4:3 10 9%
6.9.2 (, n) Interaction
The (, n) interaction produces neutron and becomes a mimic IBD as a background
for e. The target nuclei of this interaction are listed in Tab.6.10, and the dominant
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Figure 6.44: Energy spectrum below 3 MeV for 234Pa estimation. Blue line shows energy
spectrum of single event within 550 cm radius ducial volume. Red lines represents the
expected upper limit on 234Pa beta spectrum. The upper limit of 234Pa decay within
550 cm radius ducial volume is estimated to be 4:3 106 events.
interaction is the 2H(; n)p with 2.22 MeV prompt energy emission. The maximum
cross-section of this interaction is approximately 2.4 [mb] [103]. The number of deuteron
in KamLAND is 1:2711028 [/kton]. Therefore, the upper limit on the (; n) interaction
is roughly estimated as 0.81 which is negligible.
6.9.3 T2K Neutrinos
The T2K (Tokai to Kamioka) is the long-baseline neutrino oscillation experiment [104].
Neutrino beam runs from Tokai to Kamioka as a target of Super-Kamiokande [50].
KamLAND cites very near from Super-Kamiokande and also detects neutrino beams.
Generated neutrino beams at Tokai are  or . They may react in KamLAND like
as atmospheric / backgrounds
*3, but we know their direction and timing. No IBD
event is found at T2K beam coincident timing at 0.9 - 50 MeV prompt energy*4 within
550 cm ducial radius.
*3At higher energy region, other hadronic processes are also allowed. However in KamLAND, LS has
brightness scintillation for such high energy event, and the event-identication is dicult.
*4For T2K neutrino study in KamLAND, we have to know the direction of prompt event and OD
muon veto should not be applied.
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Table 6.10: Target nuclei of (, n) interaction.
(, n) Interaction
Target Threshold [MeV] Natural abundance [%]
1H - 99.985
2H 2.22 0.015
3H 6.26 -
12C 18.7 98.90
13C 4.95 1.10
14C 8.18 -
14N 10.6 99.634
15N 10.8 0.366
16N 2.49 -
16O 15.7 99.762
17O 4.14 0.038
18O 8.04 0.200
19O 3.96 -
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6.10 15 MeV Events
In the early KamLAND data analysis with \600 cm radius", the anti-neutrino energy
spectrum seems to have a small peak at around 15 MeV as Fig.6.45. This 15 MeV peak
Figure 6.45: Prompt energy spectrum of anti-neutrino candidate with 600 cm radius
ducial volume for all data set.
corresponds to 14.9 - 15.9 MeV energy bin and has ve e candidates. The expected
number of backgrounds at this energy region is approximately 1 [evt/MeV]. Therefore,
it is suspected that unknown backgrounds are contaminated at around 15 MeV.
In this section, what contaminates and makes a 15 MeV peak is discussed.
Vertex and Time Prole
Fig.6.46 shows the vertexes of 15 MeV bump candidates, and Tab.6.11 shows their
proles. 80% of 15 MeV bump candidates are exist at 550 - 600 cm radius spherical shell
area.
The time variation of e candidates is shown in Fig.6.47, which are selected with
600 cm ducial radius for all dataset. Grey shadowed horizontal region corresponds to
a 15 MeV energy bin. 80% of 15 MeV bump candidates are observed before the rst
purication period. In other words, if any background contamination makes a 15 MeV
peak, such contamination source may have the time variation. Probably, it decayed in
early KamLAND period or was removed by the purication campaign.
Here, a candidate of run005941 is a multiple-neutron event, and itsN200OD parameter
is 4 hits (N200OD  5 hits means OD muon event). Therefore, run005941 candidate is
probably atmospheric neutrino background or fast neutron event with inecient OD
muon tagging.
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Figure 6.46: Prompt vertex of 15 MeV bump candidates (red points). Black dashed lines
correspond to 550cm, 600 cm and 650 cm radius. Legends show (run number, prompt
energy [MeV]).
Table 6.11: 15 MeV bump candidate proles. Prompt energy and vertex are shown.
dT is the time dierence between prompt and delayed event in IBD. dR is the vertex
distance between prompt and delayed event in IBD. Run005941 candidate has multiple
neutrons.
RunNumber Ep [MeV] Xp [cm] Yp [cm] Zp [cm] dR [cm] dT [sec]
1931 15.82 -545.86 63.88 162.93 44.91 257.63
3079 15.45 130.87 -580.74 15.90 35.23 359.08
3190 15.07 104.34 -352.15 -314.94 43.25 164.28
5941 14.97 -210.16 -485.27 207.04 94.77 30.2
40.39 119.48
10668 15.74 408.97 -406.66 -7.12 27.97 221.75
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Figure 6.47: The time variation of anti-neutrino candidates with 600 cm radius ducial
volume selection. Grey shadowed region corresponds to a 15 MeV bump bin in Fig.6.45.
Backgrounds Hypotheses
In that energy region, already considered backgrounds are (i) atmospheric neutrino
charged current (Sec.6.8), (ii) atmospheric neutrino neutral current (Sec.6.8), and (iii)
fast neutron (Sec.6.3). These backgrounds have no time-variation and are nearly at
energy spectrum shape (not a peak).
Other unknown backgrounds, which can make a 15 MeV peak as a prompt event,
have to produce a (some) neutron(s) because of the DC selection (Sec.5.2). Here, the
hypotheses of 15 MeV energy event source are listed:
 Cherenkov light from fast neutron
15 MeV bump candidates seem clustering at the equator of KamLAND as Fig.6.46.
The distance between the edge of KamLAND balloon and the PMT setting position
is approximately 200 cm where is lled with BO. Considering the Cherenkov photon
emission of dQ/dX in BO (Fig.3.14), the visible energy with 200 cm track-length
corresponds to about 14.5 MeV.
If any charged particles associated with fast neutron make approximately 15 MeV
Cherenkov light at the equator as a prompt event, and the fast neutron is captured
on proton as a delayed event, 15 MeV DC event is probably generated. However
in this case, a prompt Cherenkov event vertex has to be miss-reconstructed in LS
region, not in BO.
 Flasher event
Flasher event corresponds to approximately 20 MeV event (Sec.4.1.1). However,
this event has no neutron emission and cannot make a mimic IBD event.
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 Excited state of 12C
Carbon 12 has a 15.11 MeV excited state with neutron emission [105] as
12C(n; n)12C(15:11 MeV)(J = +1; T = 1); (6.58)
but its cross-section is too small [106]. It is dicult to observe its excited state
because of too smaller cross-section than other excited states.
However, no any hypotheses can explain the time-variation of 15 MeV events as
Fig.6.47, which is most of 15 MeV events are observed before the rst purication cam-
paign.
Summary of 15 MeV Bump Event
I could not nd the certain background source which has a 15 MeV prompt energy
peak and emits any neutrons. These unknown events exist in 550 - 600 cm radius
spherical shell area especially at around the KamLAND equator. To avoid such unknown
background contamination, this thesis chooses the 550 cm radius ducial volume.
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6.11 Background Summary
In short, the expected backgrounds for 0.9 - 30 MeV prompt energy within 550 cm radius
ducial volume are summarized in Tab.6.12. The reactor-o period (DS-3 and DS-4) has
less reactor-neutrino background of reactor working period (DS-1 and DS-2). Besides,
DS-3 and DS-4 including KamLAND-Zen experiment takes \ZenVolumeCut" lower the
selection eciency. (, n) backgrunds mainly appears in DS-1 (before purication)
because the distillation campaign removed alpha particle contamination. Their time
variations are summarized in Fig.6.48.
Table 6.12: Background summary.
Source DS-1 and DS-2 DS-3 and DS-4 All dataset
(Reactor working) (Reactor-o phase)
spallation 9Li 18:7 0:9 9:1 0:4 27:8 1:5
fast neutron 2:1 2:1 1:3 1:3 3:3 3:3
accidental 10:3 0:1 3:3 0:0 13:6 0:1
(; n) 158:6 20:6 3:0 0:4 161:5 21:1
reactor-e 1593:3 68:9 68:4 8:6 1661:7 69:4
geo-e 100:9 26:7 37:7 7:5 138:6 27:7
atmospheric neutrino CC 0:9 0:2 0:5 0:1 1:4 0:3
atmospheric neutrino NC 19:2 5:5 10:1 3:1 29:3 8:4
total 1904:1 74:1 133:3 12:0 2037:3 78:2
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Figure 6.48: Time variation of each background. Black points are e candidates and
Gray line is the total backgrounds. Blue, magenta, green, red, and purple lines are back-
grounds of reactor-neutrinos, spllation products 9Li, accidental coincidence, (, n) in-
teraction, and geo-neutrinos, respectively. Yellow line indicates the sum of atmospheric-
neutrino interactions (both of NC and CC) and fast-neutron backgrounds.

Chapter 7
Analysis and Result
As described in Chap.5, 2066 e candidates are obtained for all dataset. Since the
number of e candidates agrees with the expected 2037:2578:2 backgrounds (Chap.6),
no excess signal is observed. In this chapter, rstly the model independent ux is given
in Sec.7.1, and some upper limits for physics models are given: Supernova Relic Neutrino
(SRN) in Sec.7.2, solar e conversion with RSFP+MSW (Sec.7.3), and light dark matter
annihilation (Sec.7.4).
7.1 Model Independence Flux
From the event rate analysis, the 90% condence level (C.L.) of upper limits on the e
ux (90) is given as Fig.7.1 assuming that the neutrino has enough at spectrum for
each bin, which is calculated with
90 =
N90
Np      T [cm
 2sec 1MeV 1]; (7.1)
where N90 is the number of e events with 90% C.L. upper limit with using the Feldman
Cousins method [107]; Np is the number of target protons,  is the anti-neutrino cross-
section,  is the detection eciency, and T is the livetime of this dataset. The conversion
from the observed prompt energy to the neutrino energy follows Eq.5.15. Conservatively,
in the upper limit calculation, the geo-e is not considered as backgrounds. Other
backgrounds are concerned with expected value: accidental coincidence, spallation 9Li,
reactor-e, fast neutron, and atmospheric neutrino. Since there are too many reactor-e
backgrounds below 8.3 MeV neutrino energy for the reactor running phase (DS-1 and
DS-2), the reactor-shutdown phase (DS-3 and DS-4) is only used for the 90% C.L. upper
limit calculation below 8.3 MeV. Other energy region Ee  8:3 MeV uses the all dataset.
Although the Super-Kamiokande results [108] give the most strict upper limit above
15 MeV due to its large detector volume and the neutron-tagging development, the latest
KamLAND data succeeds to give the most strict upper limit in the lower energy region.
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Figure 7.1: The 90% C.L. upper limits on e ux on KamLAND (blue lines) as a function
of neutrino energy. Conservatively, geo-e events are not considered as backgrounds. The
ux below 8.3 MeV is calculated with only reactor-o period (DS-3 and DS-4) because
the dataset of DS-1 and DS-2 include too many reactor-e events. Yellow, magenta,
green, and sky-blue lines show the 90% C.L. upper limits of e ux on Borexino (2011)
[29], SNO (2004) [109], Super-Kamiokande I  III, and Super-Kamiokande IV with
neutron tagging (2015) [108], respectively. Black shadowed region and dashed lines
show various SRN prediction models (Sec.1.3.2).
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7.2 Supernova Relic Neutrino
Test for Each Prediction Model
Under the assumption of each SRN model (Sec.1.3.2), the upper limits of the number
of events with 90% condence level (C.L.) are obtained by using an unbinned maximum
likelihood tting to the energy spectra. The spectrum shape of the predicted SRN is xed
to each model, and the best-t number of SRN events is searched with two-dimension
parameter space for SRN and atmospheric neutrino NC interaction backgrounds. The
atmospheric neutrino NC interaction is the dominant background for SRN at higher
energy in KamLAND and has a considerable uncertainty (Sec.6.8). The denition of 2
is as follows:
2(SRN;NC) = 2rate + 
2
shape (7.2)
= 2rate
 2 lnLshape(E; T ; SRN;NC; 12; 13;m212; NBG1!BG8) (7.3)
+2(NBG1!BG6)
+2()
2rate =
(Nobserved  NSRN  NNC  NBG1!BG8)2
2stat
; (7.4)
where  is the detector related uncertainty and stat = SRN + NC + BG1!BG8 is the
sum of each statical error. \SRN" and \NC" mean the supernova relic anti electron
neutrino and the atmospheric neutrino neutral current interaction. Lshape is calculated
with Lshape =
P
(the number of events of each spectrum)/(normalize). The each term
of Eq.7.3 indicates
1. 2 contribution for the total rate
2. 2 prompt energy spectrum shape
3. a penalty term for backgrounds
4. a penalty term for systematic uncertainty
For considering the time-variation of background spectrum and rate, especially reactor-
e backgrounds, 
2 is computed with run by run. The neutrino oscillation parameters are
used as: tan2 12 = 0:436
+0:029
 0:025, m
2 = 7:53+0:18 0:18  10 5 eV2, and sin2 13 = 0:023+0:002 0:002
[93]. BG1 ! BG8 represent, in order,
 BG1 : 9Li (limited)
 BG2 : accidental (limited)
 BG3 : fast neutron (x)
 BG4 : reactor-e (limited)
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 BG5 : atmospheric neutrino charged current interaction (x)
 BG6 : lower energy (, n) interaction (limited)
 BG7 : higher energy (, n) interaction (free)
 BG8 : geo-e (free)
and their shape chi-square (2BGi) is calculated assuming the poisson distribution as
2BGi = 2(N
expected
BGi  NBGi) +NBGi  ln (NBGi=N expectedBGi ): (7.5)
The backgrounds of (; n) interaction at higher energy and geo-e are treated as free
parameters because of their large uncertainties.
As a tting result of the LMA oscillation SRN model, the allowed region of the
atmosphere NC background and the SRN events is shown in Fig.7.2, and the prompt
energy spectrum is shown in Fig.7.3. The best-t value of the number of SRN events is
zero. The number of atmospheric neutrino NC is 11.5 event, that is less than expected
but agrees within 1 .
Tab.7.1 is the summary of the obtained tting results with assuming each SRN model
in Sec.1.3.2. Some best-t results show the non-zero value of SRN event, but all models
are consistent with zero events observation for 1  range. No obvious SRN signal is
found in this study and is consistent with each predicted model. Since a ux peak of
the PopIII star rotation model is suppressed by the cross-section in a few MeV region,
an obtained data is not so sensitive.
Table 7.1: The best-t value of the number of SRN events and the ux upper limit
for each SRN model (Sec.1.3.2) in prompt energy of 0.9 - 30 MeV. \NC" means the
background of atmospheric neutrino neutral current interaction. The expected value is
calculated from the each SRN model with the KamLAND detector and dataset. The
90% C.L. ux upper limit is computed with Eq.7.1.
SRN model Expected Best t value SRN e U.L. (90% C.L.)
[evt] (NC, SRN) [evt] ux [cm 2sec 1]
ConstantSN 2.66 (11.5, 0) 14.09 78.4
Cosmic Chemical Evolution 0.41 (10.5, 1.24) 15.84 109.87
Cosmic Gas Infall 0.035 (7.5, 7.52) 25.17 243.3
HBD 6 MeV 1.11 (11.5, 0) 10.70 53.21
Failed Supernovae 0.92 (11.5, 0) 11.88 62.30
Heavy Metal Abundance 3.01 (11.5, 0) 12.02 68.25
LMA oscillation 0.69 (11.5, 0) 12.98 76.14
PopIII star rotation 0.45 (11.5, 0.12) 14.07 885.5
Population Synthesis 0.74 (7, 6.7) 25.58 198.91
SFR constraint 0.84 (11.5, 0.12) 14.06 88.78
Nakazato model 0.29 (9.5, 2.62) 18.64 138.65
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Figure 7.2: Allowed region from the maximum likelihood analysis with 0:9  Eprompt 
30:0 MeV under the LMA oscillation SRN model. The result is projected in the (at-
mospheric neutrino NC interaction background, SRN) plane. The condence levels are
shown with two degrees of freedom. The grey horizontal shadowed region corresponds
to the expected number of the atmospheric neutrino NC interaction background with
1 (Sec.6.8). The black point represents the best t value: (atmospheric neutrino NC
interaction [events], SRN [events]) = (11.5, 0).
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Figure 7.3: Prompt energy spectrum of best-t backgrounds and 90% C.L. U.L. of SRN
events assuming the LMA oscillation model. The black points show the KamLAND
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lled spectra are the best-t backgrounds, and red dashed line corresponds to
the upper limit of SRN events at 90% condence level. The background histograms are
cumulative. The vertical black dashed line corresponds to the 0.9 MeV energy threshold.
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Test for Neutrino Temperature and Binding Energy
From the obtained upper limit of SRN, the neutrino temperature at supernova explosion
and its binding energy can be restricted. In order to give a limit on the supernova e
temperature and the binding energy, the data analysis is performed with their free
parameters space. The SRN spectrum can be described with the luminosity (L) and
the neutrino energy at supernova explosion as
dN
dE
=
(1 + )
1+L
 (1 + )E
2


E
E

exp
 (1 + )E=E	; (7.6)
where E is the average neutrino energy, and  is a numerical parameter of the super-
nova neutrino spectrum tting as shown in Tab.7.2. The luminosity of e is given by six
times of the binding energy (B:E:) with assuming that all neutrino species have same
contribution to proto-neutron star cooling as,
Le '
1
6
B:E: [erg]: (7.7)
The neutrino temperature for e is described as
E ' 3 T [MeV]: (7.8)
From above formulae, the dierential uxes with various neutrino temperature cases are
shown in Fig.7.4, where the integration parameters of all the past supernovae are xed
as reference [110]; the initial mass function, the star formation rate, and the supernova
rate. These two free parameters correspond as
 the binding energy , the number of SRN event
 the neutrino temperature , the SRN spectrum shape
AS shown in Fig.7.4, the dierence of neutrino ux shape is enhanced at low energy. For
the validation of the neutrino temperature allowed by SN1987A observations, a test for
low neutrino temperature is important.
Table 7.2: Fitting parameters for supernova neutrino spectrum [110], based on the
Lawrence Livermore (LL) model [5]. In this analysis, Ee and Le are the free pa-
rameters via the binding energy and the eutrino temperature.
Mass Ee Ex Le Lx
Model (M) [MeV] [MeV] e x [erg] [erg]
LL 20 15.4 21.6 3.8 1.8 4:9 1052 5:0 1052
As a tting analysis result with SRN spectrum of Eq.7.6, the upper limits on the
supernova neutrino temperature and the binding energy are obtained as shown in Fig.7.5.
This KamLAND upper limit gives the new exclude area below 4 MeV.
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Figure 7.4: The dierential uxes of SRN with various neutrino temperatures at su-
pernova explosion. Changing neutrino temperature corresponds to the change of the
neutrino spectrum shape.
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Figure 7.5: Upper bands on the SN-e temperature and the SN binding energy (68.3%,
90.0%, 95.4%, and 99.7%). Red shadowed region is excluded by a SRN search at Super-
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t value of each
combined result. The KamLAND data rstly gives the upper bands for T <4 MeV.
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7.3 Solar Neutrino Conversion
Assuming the 8B solar e conversion to e, the data is analyzed using an unbind maxi-
mum likelihood t as almost the same as SRN analysis case. The 2 is dened as
2(CP;NC) = 2rate + 
2
shape (7.9)
= 2rate
 2 lnLshape(E; T ; CP;NC; 12; 13;m212; NBG1!BG8) (7.10)
+2(NBG1!BG6)
+2()
2rate =
(Nobserved  NCP  NNC  NBG1!BG8)2
2stat
; (7.11)
where \CP" means the conversion probability of 8B solar e ! e with MSW+RSFP
(Sec.1.4.1). The spectrum shape of the converted e is assumed with the same as the one
of original e from the Sun. As a tting result, the allowed region of the atmospheric
neutrino NC interaction and the conversion probability is shown in Fig.7.6 with the
best-t value of (atmospheric neutrino NC interaction [events], conversion probability)
= (9, 1:9  10 5). The upper limit on the conversion probability with 90% condence
level is obtained as 6:08 10 5, and the prompt energy spectrum is shown in Fig.7.7.
From the Eq.1.41, the obtained conversion probability gives the upper limit on the
neutrino magnetic moment () and the transverse component of the magnetic eld (BT )
in the Sun at a radius of 0:05R:

10 12B
BT (0:05R)
10 kG
< 6:4 102: (7.12)
The obtained upper limit on the neutrino magnetic moment is < 6:4 10 10 B under
the assumption of BT (0:05R) = 10 kG and is worse than the current most strict limit
of < 2:9 10 11 B by GEMMA [37].
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Figure 7.6: Allowed region from the maximum likelihood analysis with the energy range
of 0:9  Eprompt  30:0 MeV. The result is projected in the (atmospheric neutrino NC
interaction background, solar e conversion probability) plane. The condence level is
shown for two degrees of freedom. The grey horizontal shadowed region corresponds
to the expected number of the atmospheric neutrino NC interaction backgrounds with
1 (Sec.6.8). The black point represents the best t value; (atmospheric neutrino NC
interaction [events], conversion probability) = (9, 1:9 10 5).
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Figure 7.7: Prompt energy spectrum of best-t backgrounds and 90% C.L. U.L. of solar
e conversion spectrum. The black points show the KamLAND data, the lled spectra
are the best-t backgrounds, and the red dashed line corresponds to the upper limit
of conversion solar e ! e at 90% condence level. The background histograms are
cumulative. The vertical black dashed line shows the 0.9 MeV energy threshold.
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7.4 Dark Matter Annihilation
From the Eq.1.42, the cross-section of light dark-matter annihilation to neutrino pro-
duction process (! ) can be limited from the obtained e ux as
hAvi90 (m) =
6
Jave
m2
Rsc20
90(E)(E  m): (7.13)
Fig.7.8 shows the obtained upper limit with 90% condence level on the velocity-dependent
cross-section.
Other experiments searches a GeV-scale or TeV-scale dark matter. Super-Kamiokande
and KamLAND results can give a limit on hAvi on a MeV-scale dark matter. New upper
limit is given at light dark-matter mass m < 12 MeV.
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Figure 7.8: 90% condence level upper band of the dark-matter annihilation cross-
section as a function of dark-matter mass. The grey and black dashed lines are Super-
Kamiokande results (2008) [42] with Jave = 1.3 and 5 case respectively. Blue and green
solid lines show the KamLAND results with Jave =1.3 and 5 case respectively.

Chapter 8
Conclusion and Outlook
This dissertation represents the results of the search for electron anti-neutrinos from the
extraterrestrial sources with 4183.7 days of KamLAND data via ep! e+n interaction
within 0.9 - 30.0 MeV prompt energy range.
The delayed-coincidence analysis with the likelihood selection gives 2066 e candi-
dates in all dataset, and it is consistent with the expected backgrounds of 2037:3 78:2
events; accidental coincidence, spallation 9Li, fast neutron, (, n) interaction, atmo-
spheric neutrino interaction, reactor-e, and geo-e backgrounds. The dominant back-
ground is reactor-neutrinos; 1661:7  69:4 events. Especially in the reactor-o period,
139 of e candidates are observed with 1553 days, while the number of estimatied back-
grunds is 133:312:0 including 68:48:6 reactor-neutrinos. No excess of cosmological e
event is observed but the 90% C.L. upper limits are given on the SRN uxes as 50 - 900
cm 2sec 1, the solar neutrino conversion probability 6:08 10 5, and the cross-section
of the light dark-matter annihilation.
Thanks to the reactor-o data and the applying the e likelihood selection, the lower
energy threshold analysis below 7.5 MeV is allowed and gives new results of the most
strict upper limit on (i) the SRN ux at Ee < 10 MeV, (ii) the neutrino temperature
and the binding energy of the supernova at T < 4 MeV, and (iii) the cross-section of
light dark-matter annihilation at m < 7:5 MeV.
Future SRN search below 10 MeV
Cosmological neutrino search below 10 MeV is an important for the constraints of various
SRN models and the understanding of the supernova mechanism, however, reactor-e
and accidental delayed-coincidence events become large background. In order to reduce
such backgrounds, any analytically improvements such as e likelihood selection are
needed, and the detector location should be far from the nuclear power plants. Also, for
a deeper underground detector case such as Jinping [111], spallation 9Li background is
also suppressed.
This dissertation shows that reactor-e is still dominant background in low energy.For
a test of SRN model at low energy, the upper limit needs to be improved more O(102 3)
as shown in Fig.7.1. However, due to the small neutrino cross-section of IBD in low
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energy, the upper limit can be only improved  O(100 1) assuming no reactor-e con-
tribution. Low energy SRN detection may need other detection method with large
cross-section, such as -N coherent scattering [112].
Future SRN search at 10 - 30 MeV
For a future SRN study in a large liquid scintillator detector, the dominant backgrounds
are atmospheric neutrinos and fast neutrons for 10 - 30 MeV energy region; mainly the
neutral current of atmospheric neutrinos ( + 12C!  + n+ 11C). The expected back-
grounds and some predicted SRN model spectra are shown in Fig.8.1. It founds that
the atmospheric neutrino needs to be decreased to   O(10 2) for the SRN detection.
Those backgrounds may be suppressed by the waveform analysis and the particle iden-
tication with using the dierence of Cherenkov light and scintillation light in liquid
scintillator. According to the reference [113], the atmospheric neutrino backgrounds are
reduced to  O(10 2) with a slow liquid-scintillator. Furthermore, the dierence wave-
form of a scattered proton event (p) by fast neutrons is also detectable for the e signal
- background separation. Unfortunately, the particle identication is dicult for the
KamLAND-LS which has a little slow component, but the Linear-Alkyl-Benzene (LAB)
based liquid scintillator has a potential for such particle identication which will be used
for a future project of JUNO experiment [33]. The further suppression of spallation
background 9Li is also important, which has non-negligible contribution at 10 - 12 MeV
as shown in Fig.8.1.
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a function of prompt energy. These spectra are overwritten, not cumulative which are
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Appendix A
Neutrino Oscillation
We know the neutrino has non-zero mass and avor-oscillation from some neutrino os-
cillation experiments [114] [115] [116]. In this section, two avor neutrino oscillation and
three avor neutrino oscillation is introduced.
Two Flavor Neutrino Oscillation
The non-zero mass neutrino jii and the avor \" neutrino ji are expressed as
ji =
X
i
Uijii ; jii =
X


U y

i
ji =
X

Uiji: (A.1)
And time dependence of neutrino mass eigenstate is
ji(x; t)i = e iEitji(x; 0)i: (A.2)
Since the neutrino mass is too small and has approximately light speed, its energy Ei is
relatively expressed as
Ei =
q
m2i + p
2
i ' pi +
m2i
2pi
' E + m
2
i
2E
; (A.3)
where momentum pi  mi and E ' p.
Time dependence of avor  neutrino is
j(x; t)i =
X
i
Uie
 iEitji(x; 0)i =
X
i;
UiU

ie
ipxe iEitji: (A.4)
Thus, the conversion probability from avor  to avor  is
P ( ! )(t) = jhj(x; t)ij2
'
X
i
X
j
UiU

jU

iUje
 (Ei Ej)t (* Eq:A:3)
=
X
i
UiUi2 + 2ReX
j>i
UiU

jU

iUj exp
 
 im
2
ij
2
!
L
E
(A.5)
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In case of that  is e and  is , Eq.A.1 is
j1i = cos jei   sin ji (A.6)
j2i = sin jei+ cos ji; (A.7)
where  is the mixing angle. And the conversion probability is written as
P (e ! )(L) = jhe(0)j(t)ij2
=
sin  cos  1  e i(E1 E2)t2
' sin2 2 sin2
 
m212
4E
L
!
= sin2 2 sin2
 
1:27
m212 [eV
2]
E [GeV]
L [km]
!
: (A.8)
Three Flavor Neutrino Oscillation
In case of three avor neutrinos, the matrix element is expressed as
UMNS =
0@Ue1 Ue2 Ue3U1 U2 U3
U1 U2 U3
1A
=
0@1 0 00 c23 s23
0  s23 c23
1A0@ c13 0 s13e i0 1 0
 s13ei 0 c13
1A0@ c12 s12 0 s12 c12 0
0 0 1
1A
=
0@ c12c13 s12c13 s13e i s12c23   c12s23s13ei c12c23   s12s23s13e i s23c13
s12c23  c12c23s13ei  c12s23   s12c23s13ei c23c13
1A ; (A.9)
where sij  sin ij , cij  cos ij , ij is mixing angle between the mass eigenstates mi
and mj , and  is a CP violation phase factor.
Appendix B
Neutrino Detection via Scattering
The neutrinos incoming to KamLAND can be detected by the electron or proton scatter-
ing in liquid scintillator (LS), not only the inverse beta decay (IBD). IBD cross-section
and its detection method is described in Sec.5.2.1.
Each scattering process is observed as single event in KamLAND with more back-
ground contamination than delayed-coincidence selection for IBD.
Electron Scattering
Neutrino - electron scattering process is
 + e  !  + e : (B.1)
This reaction has no energy threshold and is arrowed all neutrino species. The dierential
cross-section is written as
d
dTe
=
G2Fme
2
"
(gV + gA)
2 + (gV   gA)2

1  Te
E
2
+ (g2A   g2V )
meTe
E2
#
; (B.2)
where the axial vector coupling constant gA and the vector coupling constant gV are
written with using Weinberg angle W as,
(gV ; gA) =

(2 sin2 W +
1
2 ;
1
2) for e case
(2 sin2 W   12 ;  12) for ;  case:
The cross-sections are
(E) =

8:96 10 44E [MeV]10 [MeV] [cm2] for e case
1:58 10 44E [MeV]10 [MeV] [cm2] for ;  case:
Proton Scattering
Neutrino - proton scattering process is
 + p!  + p; (B.3)
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and its dierential cross-section is written as
d
dTp
=
G2FMp
2E2
h
(cV + cA)
2E2 + (cV   cA)2 (E   Tp)2 + (c2A   c2V )MpTp
i
; (B.4)
where each coupling constant are
cV =
1  4 sin2 W
2
= 0:04
cA =
1:27
2
:
In the anti-neutrino case, cA becomes negative value.
Considering the zero-th order E=Mp,
(E   Tp)2  E2 : (B.5)
The dierential cross-section becomes
d
dTp
=
G2FMp


1  MpTp
2E2

c2V +

1 +
MpTp
2E2

c2A

: (B.6)
Scattering Process in KamLAND
A LS detector has no direction information in low energy particle, on the other hand
a water Cherenkov detector such as Super-Kamiokande has information of neutrino
direction. Above neutrino - lepton scattering process cannot identify the neutrino species
in a LS detector, and it is dicult to suppress the background contamination. As the 7Be
solar neutrino analysis in KamLAND, its ducial volume is very small 300 cm cylinder
region to avoid a lot of external backgrounds.
In the supernova relic neutrino study, electron anti-neutrinos are searched at Kam-
LAND as IBD interaction with a delayed-coincidence selection.
In the supernova detection case (not relic), the proton scattering process is unique
in KamLAND comparing the Super-Kamiokande and it has no energy threshold for the
reaction. Its reaction may detect very low energy supernova neutrinos.
Appendix C
Gravitational Wave Coincident
Neutrino Search
The gravitational wave (GW) was rstly found by LIGO [45]. The GW coincident anti-
neutrino search in KamLAND is already published in [43], but newly GW events are
found after that. Especially, GW170817 [46] is from a neutron star merger where it is
proposed neutrino emission from.
Expected number of detectable neutrinos in KamLAND is small; in the neutron
merger case such as GW170817, it is expected to be O(10 4) [event/KamLAND] based
on a prediction O(10) [event/1-Mton] from 5 Mpc away [117]. However, trying to search
neutrinos from GW events is important role for the multi-messenger astronomy.
Here, newly found GW events after KamLAND publication; GW170104, GW170814,
and GW170817 are described.
Anti-Neutrino Selection
The criteria of GW coincident neutrino search in KamLAND is followings:
 IBD selection (described in Chap.5)
Search for electron anti-neutrinos. Single events from x scattering have more
background contamination than IBD selection of e.
 Prompt energy window is spread to 0.9 - 100 MeV
It corresponds to 1.8 - 111 MeV neutrino energy.
 Likelihood selection is not applied
 ZenVolumeCut is not applied
 Radius 600 cm of ducial-volume is used
 Search  500 sec time window from GW event observation at GW detector
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GW170104
GW170104 is produced by black holes at 880+450 390 Mpc, observed at 10:11:58.6 on Jan-
uary 4th, 2017 (UTC) [118]. Borexino already reported as no coincident e event with
GW170104 [119]. Here, Fig.C.1 shows the time and anti-neutrino energy plot in Kam-
LAND on January 4th, 2017. In Fig.C.1, coincident search time window  500 sec is
too narrow to draw. This result shows that no coincident event in KamLAND with
GW170104.
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Figure C.1: GW170104 coincident neutrino search in KamLAND. Vertical axis is shown
only 0.9 - 5 MeV prompt energy, because of no event above 5 MeV.
The background event for GW-e is estimated with all e DC selection including
the accidental coincidence, reactor-e, geo-e, spallation products, atmospheric neutrino
interaction, fast neutron, and others (Chap.6). The ordinary e IBD candidate rate is
estimated with  one month data and obtained as
Raccidental = 1:52 10 5 [Hz]: (C.1)
Therefore, the 90% condence level upper limit on the number of anti-neutrino events
for 500 sec time window is
NU:L: 90% C:L: = 2:43 [events]; (C.2)
using the Feldman Cousins method [107].
GW170814
GW170814 is produced 540+130 210 Mpc far from the binary black holes coalescence, ob-
served at two Advanced LIGO and the Virgo detector at 10:30:43 on August 14th, 2017
229
(UTC) [120]. Fig.C.2 shows the time and anti-neutrino energy plot on August 14th,
2017. No coincident event is found in KamLAND for GW170814.
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Figure C.2: GW170814 coincident neutrino search in KamLAND. Vertical axis is shown
only 0.9 - 5 MeV prompt energy, because of no event above 5 MeV.
The IBD rate is estimated with  one month data and obtained as
Raccidental = 1:50 10 5 [events=sec]: (C.3)
Therefore, the 90% condence level upper limit on the number of anti-neutrino events is
NU:L: 90% C:L: = 2:43 [events]; (C.4)
using the Feldman Cousins method.
GW170817
GW170817 is produced by a binary neutron star merger far from 40+8 14 Mpc, observed
at 12:41:04 on August 17th, 2017 (UTC) [46]. Coincident GRB170817A is found [121]
but no coincident neutrino is found in IceCube [122]. Fig.C.3 shows the time and anti-
neutrino energy plot on August 17th, 2017 and not found any anti-neutrino candidates
in that day.
The IBD rate is estimated with  one week data and obtained as
Raccidental = 1:50 10 5[events=sec]: (C.5)
Therefore, the 90% condence level upper limit on the number of anti-neutrino events is
NU:L: 90% C:L: = 2:43 [events]; (C.6)
using the Feldman Cousins method.
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Figure C.3: GW170817 coincident neutrino search in KamLAND. Vertical axis is shown
only 0.9 - 5 MeV prompt energy, because of no event above 5 MeV.
Summary of Gravitational Coincidence Neutrinos in KamLAND
No any electron anti-neutrinos are found in KamLAND within  500 sec from each GW
event, even if a binary neutron star merger case. Its no observation is consistent with
the detectable prediction O(10) [event/1-Mton].
For a future neutrino detectors, enough statistic of GW events may give the un-
derstanding about the neutrino merger, the black hole merger, and other astronomical
dynamic scale phenomena.
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